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Abstract 
The dispersion of powders in water is a key step in many process industries. During dispersion, 
the powder grains often form heterogeneous lumps that are wet outside and dry inside, the 
presence of which reduces the efficiency of the overall dispersion process. Often, it is difficult 
to predict and control the conditions under which lump formation occurs.  
This study considers the consequences of adding insoluble grains to a static air–liquid interface 
from a funnel. By continuing to add grains, the stacks grow until either the lower grains disperse 
in the liquid, or the complete stack breaks free from the surface and sinks as a lump. Herein, 
the effects of grain contact angle, density, size and mass flow rate on these processes are studied 
experimentally and a theoretical analysis given. The maximum number of grains scales with 
the Bond Number (Bo) as Bo-1.82 when stack detachment is observed and with an exponent -
2.0 when grains disperse into the liquid. As a result of these different scaling exponents, a 
critical Bond number above which grains wet and disperse can be identified. Moreover, the 
formation of a jet, entraining air into the liquid occurs when the kinetic energy of the grains are 
sufficiently high. In the case of a moving liquid, stack formation is also assessed in a purpose-
built 2-D flow cell.  
The understanding gained from the foregoing analysis of dispersion or lump formation of 
insoluble grains is used to study the rehydration performance of soluble food powders. The 
subsequent discussion also considered the factors influencing the rehydration process of food 
powders, focussing on powder properties, including moisture content, molecular weight, grain 
size and density, as well as the agitation speed, liquid temperature and the mass flow rate of 
powders added to the liquid.  
The present findings have identified conditions under which lump formation occurs, and hence 
how these undesired phenomena can be avoided in applications requiring the efficient 
dispersion of grains across a liquid interface such as in the reconstitution of dehydrated food 
powders. 
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Introduction 
The dispersion of powders in liquids has received a lot of interest from both fundamental 
and applied directions. This process is relevant to many industries, including foods, 
pharmaceuticals, paints and detergent sectors. The process of dispersing agglomerated 
powders is mainly controlled by the interactions between the primary particles and between 
the particles and liquids [1]. The process of dispersing insoluble powders in liquids can be 
divided into as many as three distinct stages that usually take place sequentially and 
simultaneously: wetting, capillarity and dispersion, as shown in Figure 1.1. These three 
stages are also considered to be the initial stages of the behaviour of soluble powders, for 
which, in water, hydration and dissolution are the subsequent and final stages. 
Wetting denotes the affinity of liquids for solid surfaces [2]. It is most commonly 
characterised in terms of the contact angle (") formed when a drop of liquid is placed in 
contact with a solid surface [3]. Capillarity is the process of liquid penetration into the voids 
between grains or inside the porosity of grains themselves, without the assistance of, or 
even in opposition to, gravity [4–6]. The intrusion of a liquid droplet into a porous network 
was shown to depend on the tortuosity [7,8]. The simplest examples of capillary phenomena 
are water suction of soil, blood flowing through the capillaries of mammalian bodies and 
wetting of clothes. Dispersion can be explained by the breaking up of grain aggregates into 
smaller units [9]. The van der Waals forces and solid bridges between grains can impact 
dispersion performance [10]. The amount of energy (in the form of, e.g. heat or shear 
mixing [9–11]) required to break down the agglomerates depends on the composition and 
grain size [1,9,12]. According to Crowley et al. [13], dissolution corresponds to the 
separation between molecules. It refers to the final step of the rehydration process of soluble 
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powders, which is implicit in the time required for a material to completely dissolve in a 
liquid. 
The schematic representation shown in Figure 1.1 also includes the mechanisms 
influencing the wetting step of soluble agglomerated powders. This will be discussed 
further in section 2.6. Minor changes in physicochemical properties can potentially affect 
the progression of these stages involving granular materials. Even though recurrent and 
essential in many industrial processes, the conditions leading to undesired heterogeneous 
lumps are still not fully understood. 
 
Figure 1.1: Schematic diagram of the three stages for dispersion of insoluble powders. The wetting 
of soluble agglomerated powder is shown to be influenced by three mass transfers: 
evaporation/condensation, diffusion and dissolution. 
In this thesis, the following questions will be addressed:  
• What are the conditions leading to the dispersion of grains or to the formation of a 
lump?   
• Does introducing flow in the liquid by agitation necessarily improve the dispersion 
process, or vice versa?  
• What factors are responsible for the rehydration ability of powders? 
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Following the introductory chapter, Figure 1.2 summarises the structure of the main body 
of the thesis.  
 
Figure 1.2: Structure of the thesis. 
Chapter 2 provides the current state of understanding regarding the wetting and dispersion 
of insoluble powders and the rehydration process of different soluble powders, as well as 
to evaluate the suitability of different methodology used to assess the four distinct stages 
of rehydration, wetting, capillarity, dispersion and dissolution, and lastly, a comprehensive 
description of mixing in stirred vessels is given.  
In Chapter 3, the fate of insoluble grains impinging on a liquid surface is considered. By 
continuously pouring grains onto a static air-liquid interface from a funnel at a controlled 
flow rate, the interface can support a single layer of grains, known as raft, or several layers 
of grains, generating a granular stack. In the literature, Raux et al. [2] studied the critical 
contact angle below which spontaneous dispersion takes place in a granular stack. Their 
experimental values agreed with the developed model, in that the relationship between 
cosine of the critical contact and maximum stack depth is linear. Jones et al. [14] proposed 
a simple scaling model for the critical number of grains that trigger interfacial sinking of 
the whole granular stack based on the dimensionless Bond number.  
The influence of the grain density, size, contact angle and surface tension on the behaviour 
of stacks has been studied experimentally. Three types of spherical grains with different 
density and size were used in this study: glass beads, polymethyl methacrylate (PMMA) 
and yttrium-stabilised zirconium oxide (ZY-S). The different grain densities and sizes 
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considered in this study show the robustness of this scaling over several decades of Bond 
number. A model showing the threshold for dispersion and stack detachment as a dry 
powder lump has also been developed. Both regimes based on the number of grains, contact 
angle and Bond number are identified. 
In Chapter 4, the effect of liquid flow on the dispersion of insoluble powders is assessed. 
A purpose-built 2-D flow agitation cell was used to investigate the stability of floating rafts 
and granular stacks at the air-liquid interface, and to evaluate the limiting size of the stacks. 
The liquid motion within the flow cell is stimulated by the energy transfer from the impeller 
into the system. The main requirements for this flow study were:  
(a) To avoid grains accumulating on the air-liquid interface of flow cell; 
(b) To investigate the draw-down of floating grains from the liquid surface; and 
(c) To enhance the contact area of the grains with the liquid. 
In Chapter 5, rehydration characteristics of different food powders are compared under 
static and dynamic conditions. The influence of powder properties (molecular weight, 
particle size and moisture content, which affects the glass transition temperature [15–17]) 
and process conditions (liquid temperature, agitation speed, powder mass flow rate and 
contact surface area between powder and liquid) on the rehydration of water-soluble 
amorphous food powders have been investigated. Food powders with very poor wettability 
and experienced difficultly to disperse in water were selected for this study, such as 
Maltodextrins DE2 and DE21, Skimmed Milk Powder (SMP), Whole Fat Milk Powder 
(WMP), Drinking Chocolate and Horlicks. 
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State of the art on powder wetting, dispersion and 
dissolution 
The aim of this chapter is to provide the current state of understanding regarding the wetting 
and dispersion of insoluble powders and the rehydration process of soluble powders. This 
chapter begins with an introduction of the different fundamental components underlying 
the interactions of particles with liquid surfaces. These involve surface chemical aspects, 
fluid mechanics of floating and sinking for inert bodies at the air-liquid interface, and the 
conditions under which a single inert object or multiple inert objects can float in 
equilibrium at an air-liquid interface. The latter part of the chapter provides an overview of 
rehydration properties of various food powders. In particular, the influence of the physical 
properties and composition of the powders, temperature, types of impeller and agitation 
speed on the wetting, clumping and dissolution aspects of the rehydration process are 
discussed. In addition, the suitability of different techniques used to assess the four stages 
of rehydration are discussed.  
 The contributions of surface tension and contact angle 
Surface tension (S) can be considered as the energy per unit area (mJ m-2) or force per unit 
length (N m-1) at an air/liquid interface [18]. For simplicity, the symbol (S = SRT) will be 
used in this thesis. In the bulk, each molecule is pulled equally in all directions by 
neighbouring liquid molecules, resulting in a zero net force. On the other hand, for surface 
molecules there is a net inward pull, and so the surface contracts to its minimum area to 
maintain the lowest surface free energy [19], a feature which explains why the shapes of 
droplets and bubbles are spherical [20].  
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According to de Gennes et al. [18], capillarity is the study of  air, liquid and solid interfaces 
where the fluid phases minimise their surface energy by changing their shape. Capillary 
forces allow insects to support their weight on water [21] and produce large surface 
deformations [22].  However, if the pond water becomes polluted, with detergents for 
instance, the surface tension will decrease and the insect will drown [18]. The phenomenon 
of flotation is a macroscopic manifestation of molecular interactions and describes how the 
surface tension can be considered as a ‘capillary force per unit length’. 
Figure 2.1 shows the contact angle formed by the intersection of air-liquid and solid-liquid 
interfaces [20]. If " < 90°, the wetting of the surface is favourable, which in the case of 
water is known as hydrophilicity, whereas a hydrophobic surface corresponds to " > 90° 
and the liquid minimises its contact with the surface and contracts into a droplet. One of 
the common examples is the ‘pearl droplets’ seen on wet lotus leaves [23]. The equilibrium 
between three forces, the two surface tensions SET	and	SER  and the interfacial tension SRT  
resolved parallel to the solid surface, leads to Young’s equation [24]: 
 SRT cos" = SET − SER  (2.1) 
 
Figure 2.1: (a) The equilibrium contact angle of a liquid droplet deposited on a solid smooth and 
homogenous surface, linked to surface energy, surface tension and interfacial energy [24], 
(b)Wenzel’s model [25] and (c) Cassie-Baxter’s model [26]. 
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In the process of rehydration of a soluble powder, the impact of geometric heterogeneity in 
terms of surface roughness [25,27], and chemical heterogeneity in terms of the chemical 
composition of the powder surface [28], makes the wetting behaviour more complex. The 
simple derivation of Young’s equation is not applicable in these systems. For the condition 
of an increasingly rough surface in a homogeneous wetting regime shown in Figure 2.1 b, 
Wenzel [25] modified the Young’s equation as follows:  
 cos" = c	(SET − SERSRT ) (2.2) 
where r is the non-dimensional surface roughness factor, defined by the ratio of the actual 
rough surface area to its smooth and flat projected area. 
Wenzel [25,27] pointed out that an increasing contact angle occurred if the contact angle 
of the smooth surface is > 90° and a decreasing contact angle resulted if the contact angle 
of the smooth surface is <90° . Apart from the geometric heterogeneity, the chemical 
heterogeneity also influences the wetting process, as is the case for the rehydration of 
soluble powders [28,29]. In order to identify the influence of chemical heterogeneity on the 
wettability of powders, Cassie and Baxter [26] proposed eq. 2.3 to describe the wettability 
of a surface consisting of two fractional areas (de and df) with different contact angles ("e 
and "f , respectively). The complete non-wetting condition as shown schematically in 
Figure 2.1 c is found when "NP  approaches 180°. 
 cos"NP = de cos"e + df cos "f (2.3) 
 Floating and sinking of insoluble powders at the air liquid interface 
The restoring forces that stabilise a floating object involve a surface tension force per unit 
length (S) and the buoyancy force created by the hydrostatic pressure (∆X). Based on 
Archimedes’ principle, the total restoring force on a floating object is related to the total 
volume of liquid displaced by the object [30]. Based on Galileo’s statement, an object will 
float provided that the volume of liquid displaced by the meniscus balances the weight of 
the object itself. Archimedes’ principle is an improvement to account for surface tension 
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[31]. The shape of a meniscus, z = h(x,y), describes the elevation of liquid above the 
reference plane (x,y).  The meniscus profile of a liquid in terms of surface tension (S) and 
liquid density (0R ), subject to gravitational acceleration (g) can be expressed by the 
Laplace-Young equation [32]: 
 			∆X = 	S(1ch + 1chh) (2.4) 
where γ is the surface tension coefficient of air-liquid interface, r’ and r’’ are the radii of 
curvature, C of the surface and C = eij + eijj. 
The increase in hydrostatic pressure ∆X that occurs across the interface between two static 
fluids is equal to the product of surface tension and the curvature of the surface. In the case 
of cylindrical capillaries, the pressure can be rewritten as ∆X = fklm cos " where nN  is the 
radius of the capillary [33]. When the typical size of an object is small compared to the 
length scale in which interfacial deformations deteriorate, the vertical surface tension force 
can dominate the hydrostatic pressure force, which explains why dense objects can float at 
a liquid interface. Interfacial deformations are governed by the Laplace-Young equation, 
which has a length scale, known as the capillary length a, given by: 
 .	 = o S0Rp (2.5) 
where 0R  is the density of liquid (kg m-3). 
 Capillary flow and imbibition of liquid into packed powders under 
gravity 
In recent years, there has been an increase in understanding of the conditions for liquid 
imbibition [34], wicking [2] and intrusion of liquid into powders [35].  
In capillarity studies, Jurin’s theory has often been used to compute the penetration height 
within capillary tubes [36]. Jurin’s theory indicates that the height of the liquid rising 
column in a capillary tube, hL is inversely proportional to the tube radius, Rc [36]: 
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 ℎR = 2S	r64"ns0Rp 	 (2.6) 
On the other hand, Washburn’s law has been widely employed to explain the process of 
liquid wicking in a porous medium, and its penetration distance, hL, increases as the square 
root of time t, according to the equation [37] 
 ℎR = (S	nt	r64"2V ;)%.u		 (2.7) 
where V is the dynamic viscosity, S is the surface tension and the capillary pore radius is nt. 
One of the main hurdles with real applications is that porous media have different cross 
sections along capillary flows, which affect the flow behaviour [38]. Reyssat et al. [39] 
investigated the imbibition within a tube with an axial decrease in radius, and found that 
the penetration distance of fluid with time corresponds to Washburn’s law for a short time; 
however, the exponent decreases from 0.5 to 0.25 for long times and capillary flow is much 
slower than a tube with uniform size. The effect of width, height and radius of circular 
tubes on capillary flow was investigated by Shou et al. [40]. Among three different types 
of geometrical asymmetry, the trapezoidal porous medium seems to be the best candidate 
for asymmetric transport due to its flow time being close to the minimum flow time of the 
medium in simple geometry [40].  
O’Brien et al. [41] and Kammerhofer et al. [42] studied the impact of gap width and contact 
angle on the capillary rise as shown in Figure 2.2 a. As expected, equilibrium height 
decreases with increasing gap width and increasing hydrophobicity of the glass slides. Both 
sets of authors suggested the use of the mixed advancing contact angle calculated with the 
Cassie-Baxter equation (eq. 2.3) to predict the equilibrium height of water in the 
heterogeneous single gap. Wetting experiments in a Washburn tool (shown in Figure 2.2 b) 
were carried out with respect to the investigation of water imbibition into a system with 
heterogeneous pore arrangement and contact angle [42]. Kammerhofer et al. [42] also 
observed a significant influence on the wetting kinetics when 1 wt % of a hydrophobic 
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fraction was added to a powder bed containing a hydrophilic fraction; further incremental 
additions of hydrophobic component did not cause any significant influence on the wetting 
time, until ~30 wt % of the hydrophobic fraction was reached, when an increase in wetting 
time was observed. Moreover, the geometry of the pores between the grains plays a crucial 
role and can control penetration or prevent the invasion of liquid [2]. 
 
Figure 2.2: Schematic model of liquid penetration into the system through (a) the single-gap 
experiment, and (b) the Washburn experiment [42].  
Studies have shown that there is a significant discrepancy in the imbibition processes 
between cylindrical capillaries and powder beds consisting of spherical particles [33]. As 
shown in Figure 2.3 a, the curvature of a cylindrical capillary determined the capillary 
radius (nN) and the liquid defined the contact angle ("). The shape of the liquid surface in 
the capillary remains constant during imbibition, as "  and c%  are constant. During the 
process of imbibition in the powder beds, the situation become more complicated as the 
contact line has significant undulations, the meniscus loses its axisymmetry [43] and the 
contact angle may vary significantly with the increased curvature [44]. The shape of the 
curvature of the liquid surface will vary depending on the position of the meniscus. For 
example, if one imagines a compact pile of beads; when the first layer of beads is in an 
equilibrium state, the liquid may reach the second layer of beads. If this occurs, the contact 
line is no longer at equilibrium and the liquid will move into the void of the pile until it 
reaches a certain level that has flat interface and contact angle on the second layer. If the 
liquid does not reach the second layer, equilibrium is not possible to achieve and no beads 
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will detach from the interface. Conversely, if the liquid is imbibed into the bed, the bottom 
part of the powders will be surrounded by liquid and hence detach from the bed [2].  
 
Figure 2.3: Schematics showing the geometry of liquid imbibition into (a) a cylindrical capillary, 
and (b), (c) closed-packed spheres with a tetrahedral networks [33]. 
In the case of 3-D close-packed spheres, Shirtcliffe et al. [45] predicted the critical contact 
angle of imbibition by using the surface free energies, whereas Ban et al. [33] used 
geometrical considerations (shown in Figure 2.3 b and c), given by  
 "v=∗ = arccosxo83 − 1{ (2.8) 
The critical contact angle "v=∗  proposed by Ban et al. [33] and Shirtcliffe et al. [45] has 
been shown to be 51˚. Ban et al. [33] only focused on the critical contact angle of the 
powder beds, whereas Raux et al. [2] subsequently considered the thickness (h) of the dry 
powder beds built by the grains. 
Raux et al. [2] and Hamlett et al. [46] investigated spontaneous imbibition in a compact 
pile of grains and found that the critical contact angle, "%∗, below which imbibition takes 
place in monodisperse layers to be of the order of 55˚ and in the latter case it is between 
65˚ and 85˚, both considerably smaller than 90˚. There is a significant difference between 
these two values, as gravity has been neglected in the first study due to the smaller grain 
size. However, gravity has been taken into account in the latter work as they used larger 
grains. This will lead to some defects in the hexagonal symmetry of the packing, and 
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therefore generate wider gaps which promote imbibition by bulging out from the bottom 
surface of the water droplet below the horizontal plane corresponding to the system of 
contact angle. The critical contact angle can be altered by considering the additional effects 
of polydispersity of the grains and defects in the pile compactness [2].  
 Factors that affect the equilibrium position of an inert cylinder or 
sphere 
A simple analysis for geometrical objects such as cylinders [47,48] or spheres [2,49] placed 
on the air-liquid interface has been developed analytically and numerically. A quantitative 
link was established between the surface wettability and floating stability with a simplified 
case by applying the force analysis method [50,51]. The physicochemical properties of the 
grains such as contact angle [2,46,52–54], surface energy, density [51] and grain size [12], 
as well as mass flow rate of powder grains added to the interface [50,55] and liquid flow 
fields [9–11] are involved in the analysis and provided the fundamental understanding of 
the floating behaviour.  
The position at which a cylinder or spherical grain floats is governed by its weight, the 
surface tension force and the buoyancy force simultaneously satisfying a contact angle 
condition [49]. At equilibrium, these three forces must balance. The three forces can be 
derived from the system geometry shown in Figure 2.4:  
 |} = ~v pnv(0E − 0Q)  (2.9) 
 |N = 2nS	sin	(U) sin(" − U) (2.10) 
 
|P = nv3 (0R − 0Q)p(2 + 3 cos U − 3cosv U)+ nv(0R − 0Q)p@sinfU (2.11) 
where R is the radius of the grains, 0E is the density of solid (kg m-3), 0Q is the density of 
air (kg m-3) and g = 9.81 m s-2 is the acceleration due to gravity. U is the angular position 
of the contact line, measured vertically from the centre of the sphere and H is the vertical 
position of the contact line. The difference (" − U ) is the angle of inclination of the 
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interface at the contact line. The capillary force FC scales with the circumference of the 
sphere whereas the gravity FW and the buoyancy forces FB based on the grain volume. The 
capillary force is determined by the contact angle and is proportional to the contact line 
length [51]. 
 
Figure 2.4: Schematic diagram showing the configuration of a single grain floating at an air-liquid 
interface. Contribution of each force component (FW, FB and FC) appearing in eqs.(2.9)-(2.11) 
applied on a grain.  
An object will sink when the weight of an object exceeds the vertical restoring balancing 
force created by surface tension and the hydrostatic force, as a result of increased object 
density, increased wettability, or decreased surface tension [56].  
Vella and Metcalfe [50] observed two different sinking mechanisms for a cylinder with 
finite radius. When the cylinder is in a hydrophilic state (" < Åf ), interfacial inclination at 
the contact line becomes horizontal and both contact lines merge above the cylinder causing 
the cylinder to sink (Figure 2.5 a). When the cylinder is hydrophobic (" > Åf ), the interface 
at the contact line becomes vertical, and sinking occurs when both menisci merge at the top 
of the cylinder (Figure 2.5 b) [50].  The critical conditions for an object to sink can be 
described through the maximal volume condition (ÇTÇÉ = 0) and meniscus contact condition 
(xmin = 0) [57]. The buoyancy force applied on the cylinder is related to the volume of the 
displaced liquid. Liu et al. [57] discovered that the buoyancy force is not a monotonic 
function of " as the FB decreases when " ³ "(sink), in which the menisci become unstable. 
In the other case, FB(max) only changes rapidly with "  at higher radii. Hence, when the 
buoyancy force is in the extreme condition, it signifies that the volume of the displaced 
liquid reaches its maximum, for which	ÇTÇÉ = 0. Liu et al. [57] also found that the maximum 
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in buoyancy force is reached before the contact of the two menisci, and, therefore, the 
maximum force that an object can bear should result from the maximal volume condition. 
 
Figure 2.5: Two different sinking mechanisms for a cylinder with finite radius [50]. 
A plot of the sum of capillary and buoyancy forces as a function of grain immersion depth 
in water indicates the sinking behaviour increases at lower contact angle and larger grain 
radius [51]. Also, the significance of the capillary force increases as the size decreases [58]. 
By comparing the theoretical predictions and results from experiments, Vella and Li [48] 
believed that the influence of contact line effects may be an important factor during the 
transition process from floating to sinking. The static flotation of grains has been 
investigated in the literature [30,49,58,59]. Theoretical analyses by Rapacchietta and  
Neumann [59] based on the static equilibrium condition found that the maximum radius of 
a grain that is able to remain floating on a liquid surface increases when the grain becomes 
more hydrophobic. Thus, whether the small grain floats or sinks is determined by the 
contact angle, non-dimensional density (D) of the object measured relative to the exterior 
fluids, and Bond number (Bo), which measures the relative importance of buoyancy force 
to surface tension:  
 < = 0E − 0Q0R − 0Q (2.12) 
 16 = (0R − 0Q)pnfS  (2.13) 
Since the addition of grains to a liquid surface is a dynamic process, understanding whether 
they will float or sink should involve a dynamic rather than a static analysis [60]. In this 
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way, Ji et al. found that the maximum density ratio Dmax calculated by dynamic analysis 
agrees with the experimental results more closely (relative deviations < 30 %) than that 
calculated based on the static equilibrium (> 100 % deviation), highlighting the importance 
and validity of applying dynamic analyses to small interfacial grains in practical situations 
[60].  
 Self-assembling of grains at an interface and their equilibrium 
position 
Research on capillary-driven self-assembly has created an interest in the interactions 
between floating grains [49]. More specific questions have been prompted for the purposes 
of self-assembly. For example, do the interactions of layers of floating objects affect their 
ability to float and undergo imbibition [2,49]? How does the sphere deposition geometry 
affect the size limits of the clusters before they sink or collapse through the interface [14]? 
Despite the advances, the threshold for floating grains to experience imbibition or sink as 
a lump on a free liquid surface have not been fully elucidated.  
The deposition geometry of grains affects the size limits of the assemblies before they sink 
through the interface. There are two different methods that have been used by several 
authors [14,61–63] to deposit the grains resulting in the formation of: 
• Rafts, where the grain is placed away from the existing grains at the interface, based 
on the “Cheerios effect” [61], in which grains self-assemble and form a layer; 
• Stacks, where the grains are placed above existing grains at the interface and form 
an island [2]. 
Through a comparison of the critical sizes of  rafts and stacks, Jones et al. [14] obtained a 
different scaling law between the respective critical grain numbers (N) and the Bond 
number (Bo) and concluded that stacks will sink with a lower threshold number for grains 
than for rafts. 
Raux et al. [2] studied the creation of a stack using grains with the contact angle θ > "%∗ and 
showed that liquid imbibition occurs when the island depth, h, exceeds a critical island 
depth, h*. The limitation for imbibition is controlled by the hydrostatic pressure, P = ρgh*, 
as it changes the shape of the air-liquid interface in the pores between the beads at the 
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bottom of the island. The Laplace pressure compensates for the hydrostatic pressure of 
liquid, inducing a curvature, C = ρgh*/γ, and this promotes the imbibition process [2]. When 
the radius of the grain is much smaller than the capillary length, the effect of the weight of 
the grain can be neglected and it can be considered as a flat air-liquid interface, which 
corresponds to Ñ + " = Åf  (Figure 2.6 a). However, when there is a pressure difference 
within the system, the interface will become curved between the grains, as shown in Figure 
2.6 (b and c). Larger pressures within the liquid aid the liquid rise to the highest point of 
the meniscus. In this case, the liquid manages to reach the second layer of grains which 
promotes imbibition. Therefore, the expression for [ (Figure 2.6 c) will be different from 
the previous equation in Figure 2.6 a.  
 
Figure 2.6: (a) Equilibrium states of a single grain at air-liquid interface. (b) and (c) Limits of  
imbibition with a curved meniscus [2].  
A number of studies [14,64,65] have considered using the ratio of the densities of the 
objects to that of the surrounding fluids to determine whether an object can grow arbitrarily 
large to remain afloat, or eventually sink when equilibrium is not possible. Through eq. 
2.12, the authors compare the depth of the interfacial deformation triggered by the grains 
to the capillary length.  
Jones et al. [14] found that the maximum density ratio, <ÖÜá ≈ 1  in all their three-
dimensional rafts and stacks systems. For a two-dimensional geometry, Vella et al. [65]  
found <ÖÜá = √2. When < < <max, rafts can grow arbitrarily large without sinking, since 
when the relative density of the grains is low, the hydrostatic pressure is able to support the 
entire assembly of grains. However, for < > <max, the raft will sink if it exceeds a critical 
grain number, as the additional weight from the grains would lower the assembly by an 
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amount that exceeds the capillary length [30]. Hence, when	< ≪ 1, spontaneous sinking 
was not observed in any of their experiments [30].  
 Behaviour of soluble powders 
The foregoing discussions refer to the wetting and dispersion of insoluble powders. These 
are also considered to be the initial stages of the behaviour of soluble powders, for which, 
in water, hydration and dissolution are the subsequent and final stages. The understanding 
gained from this analysis will then be used to improve the rehydration performance of, for 
example, soluble food powders. The subsequent discussion will consider the factors 
influencing the rehydration process of soluble grains as comprise food powders, focusing 
on physico-chemical and compositional aspects, and techniques used in studying powder 
rehydration. 
 Wetting of soluble powders 
The wetting behaviour of soluble powders is more complex than for insoluble powders [66]. 
In the case of amorphous polysaccharides, for example, wetting is greatly influenced by 
the water sorption isotherm [67], diffusion of the water into the amorphous polysaccharide 
grains [54,68], and viscous effects upon dissolution [69,70]. A gel phase has also been 
observed to form during swelling [54]. These processes are both thermodynamically and 
kinetically driven, the latter determining the overall kinetics, and specifically governed by 
diffusion of the solvent [71].  
Several models have been developed to describe the dissolution kinetics of powders [72]. 
These include the dissolution of crystalline materials using the diffusion-layer model [73], 
the interfacial barrier model based on the activation energy [72], Danckwerts’ model based 
on solute absorption [74], and the negative crystal growth model [75]. The dissolution of 
amorphous polymers has been studied by a number of workers [76–79] and it can be 
described in terms of three separate mechanisms: swelling, governed by the osmotic driving 
force; gel-phase formation and structure, which can limit diffusion; and finally, the non-
Fickian escape of molecules, governed by the diffusion coefficients. Valois et al. [78] 
suggested that the time required to transform a dry grain into a dilute solution is not limited 
by the water diffusion, but rather by the life-time of the gel consisting of entangled chains.  
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 Food powders 
Food powders represent important practical examples of the implementation of the 
rehydration process. In these systems, there are two intermediate steps in the rehydration 
involving capillarity and dispersion. It is difficult to evaluate the intrusion of liquid into 
porous networks of soluble polymeric ingredients. In the case of maltodextrins and casein-
based powders, for example, several studies have shown that poor water dispersion can 
lead to the formation of lumps [1,9,12,66,80–83]. Indeed, due to the wetting and dispersion 
properties of the grains, aggregation occurs at the same time as the dissolution and diffusion 
of water within the bulk [84]. The hydrophobic backbone of the water-soluble polymers 
segregates at the air-polymer interface [85] and the wettability can be improved by the 
hydration of polymer [86,87]. Some studies [54,86] have introduced a comprehensive 
description of the hydration of the soluble polymer ahead of the contact line.   
As shown in Figure 1.1, three mass transfers are involved: (a) the evaporation-condensation 
process by which water transfers into the polymer through the atmosphere by condensation 
of the vapour phase; (b) the diffusion of water molecules into the polymer chains; and (c) 
the dissolution process.  
Many workers have investigated the influence of temperature and agitation on the wetting, 
clumping and dispersion behaviour of soluble powders.  
Table 2.1 a and b summarise the literature studies with reference to the experimental 
conditions used, including (polymer) molecular weight, grain size and density, contact 
angle, liquid temperature and agitation speed. These mixing characteristics will be useful 
for identifying the mixing conditions required for dispersing a powder, in order to achieve 
strong axial or radial flow of the liquid. The main points identified from the studies listed 
in Table 2.1 are: 
i. Shorter-chain spray-dried powders with densities greater than water, sink 
instantly as soon as they are added to the surface. 
ii. The low apparent densities of high fat and high protein powders contribute to 
their tendency to float. 
iii. Enlargement of grain size improved overall dissolution times due to better 
wetting, sinking and dispersion of powders. 
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iv. Increase in agitation speed and liquid temperature improved the rehydration 
process.
  
Table 2.1 a: Rehydration of food powders with different physico-chemical properties and different physical parameters. 
 
 
 
 
 
 
 
 
 
 
 
Ref. Composition, Mw 
(g.mol-1) 
Density, !"  
(g.cm-3) 
Grain size, d50 
(#$) %t=0 (°) at 20℃ Final concentration 
wt% 
Feed 
rate 
(g/s) 
Liquid 
temperature (℃) Agitation speed (rpm) Reynolds number at 
20℃ 
[12] Maltodextrins (DE 6, IT6 
DE21, IT21 
1.44 
1.53 
125, 374 
149, 301 
48 
29 
2.00 3.8 5, 25, 45 and 65 ± 1.0  200,400, 600, 800 and 1000 3630-18150 
[9] SMP 
 
 
 
 
SMP + Lecithin 
0.44 
0.30 
0.21 
0.17  
* bulked 
 (a) <200 
(b) 200-450 
(c) 450-1000 
(d)  >1000 
 
(a)-(d) + 65 
- - 15.5 20 450-600 18850-
25725 
[66] Salt C 
Granulated sugar C 
Icing sugar C 
Whey permeate A 
Skim milk A 
Chocolate A 
Sodium caseinate A 
MPI A 
Curry powder A 
Corn flour A 
Plain flour  A 
High fat A 
* C = Crystalline, A = 
Amorphous 
2.173 
1.601 
1.613 
1.530 
1.218 
1.533 
1.313 
0.809 
1.341 
1.478 
1.491 
0.934 
427 
616 
43 
102 
132 
109 
90 
50 
277 
15 
85 
76 
0 
0 
0 
0 
82 
104 
130 
150 
28 
41 
38 
104 
6.25  20 100-750 2667- 
20000 
[29] SMP 
Chocolate 
73 % High fat milk 
Caseinate 
MPI 
Wheat flour 
1.22 
1.53 
0.93 
1.31 
0.81 
1.49 
132 
109 
76 
90 
50 
85 
82 
104 
104 
130 
150 
38 
1.00 
 
- 20, 50 and 70 100-750 2897 - 
21701 
[17] Sucrose  
Maltodextrins (DE12, 
DE19) 
- 54, 194, 533 
75, 161 
- 6.25 - 5, 22 and 80 500 20833 
  
Table 2.1 b: Rehydration of food powders with different physico-chemical properties and different physical parameters. 
 
SMP, skimmed milk powder;  MPI, milk protein isolate; MCC, micellar casein concentrate; MPC, milk protein concentrate; NPC, native 
phosphocaseinate; WPI, whey protein isolate;  MC, micellar casein; SC, sodium caseinate ; MCI,  micellar casein isolate
Ref. Composition, Mw 
(g.mol-1) 
Density, !"  
(g cm-3) 
Grain size, d50 
(µm) %t=0 (°) at 20℃ Final concentration 
wt% 
Feed 
rate 
(g s-1) 
Liquid 
temperature (℃) Agitation speed (rpm) Reynolds number at 
20℃ 
[80] Fresh MPI  
Water binding MPI 
Lactose binding MPI 
Sucrose binding MPI 
1.311 
1.302-1.335 
1.278-1.282 
1.246-1.254 
49 
106-180, 180-300 
106-180, 180-300 
106-180, 180-300 
- 
 
2.00 - 24 300 8000 
[88] Micellar caseins 
Native & denature ,-
lactoglobulin  
Na-caseinate 
- - - 2.00 - 25 750 - 
[89] MCC (<10℃) 
MCC (50℃) - 153 147 68 65 1.50 - 25 and 50 - - 
[90] Low – MPC 
Medium – MPC 
High – MPC 
0.56 – 0.59 
0.49 – 0.54  
0.29-0.30 
*bulked 
35.3 – 43.0 
39.6 – 48.9 
26.1 – 27.9 
~58 
~65 
~ 75 
1.50 - 25 and 50 500 - 2025 5208-
13500 
[91] Wheat flour - - - - 5 20 100 - 250 26042-
65104 
[92] NPC 
WPI 
0.340 
0.252 
* bulked 
285 
264 
- 5.00 - 24 400 42667 
[82] MPI 
Agglomerated MPI 
WPI 
MC 
SC 
SMP 
- - 159 
124 
142 
131 
128 
118 
1.50-2.00 - 25 400-500 4167-5208 
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 Effect of physical properties and compositions on the rehydration of food 
powders 
Food powders generally contain porous, (partially-) soluble, non-spherical and rough grains. 
Additionally, they contain dispersed fat which will cause surface heterogeneity leading to 
variations in the contact angle over the surface and, with time, each will affect the 
equilibrium immersion depth of the grain and create stickiness issues [51]. The fat and 
protein contents in the food grains with low apparent densities cause poor wettability and 
contribute to the tendency to float [29]. Higher density powders tend to sink more and 
powders with large grain sizes tend to have better wettability [12,29]. Moreover, the 
molecular weight of the powders also plays important roles in the rehydration process, as 
this will affect the interaction of the grains with the liquid [78,93]. The longer chain 
polymer powders also tend to have higher viscosity during the dissolution process, 
inhibiting water from entering the voids of the floating powder layer [12], leading to poor 
rehydration performance [17]. The grain surfaces can be influenced by the production 
method (e.g. spray drying [94]) and feed composition [95]. 
Grain enlargement [96] through agglomeration or granulation is a common way to improve 
the sinkability of powders. This process creates granulates by adding a binder to bridge 
primary grains [83], but agglomeration reduces the bulk density of powders [97]. Several 
publications  report that agglomerated powders can positively influence the rehydration 
characteristics [80,96,98]. However, an analysis of the powder wettability with total 
rehydration time with regard to powder structure showed that agglomeration is not always 
necessary to improve the rehydration process [99].   
The formation of a gel at the solid-liquid interface may inhibit subsequent penetration of 
water into the bulk powder [66]. Also, depending on the composition of the powder, 
increasing temperature can greatly improve the wettability of high fat powders, but reduces 
the wettability of casein-micelle powders [29]. Another way of overcoming the formation 
of a gel is by chemically crosslinking hydroxyl groups on the powder surfaces [100]. This 
delays the hydration rate, thus allowing more time for effective dispersion of grains [101]. 
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 The importance of moisture transfer 
Water is key in modifying powder physical properties. In this respect, many studies 
[17,88,102,103] have focused on characterising water activity (aw), sorption isotherms and 
glass transition temperatures (Tg) of powders. 
The water activity  is defined as the ratio of partial pressure of water vapour at the surface 
of the powder (p) to the partial pressure of pure water at the same temperature (po) [104], 
i.e.  
 !" = $$% (2.14) 
With the assumptions that the powder must be homogeneous in terms of moisture 
distribution and water activity, and must be in equilibrium with the relative humidity (RH) 
of the measuring chamber, then 
 !" = &'(%%. (2.15) 
The moisture content, Mdb, is the mass of moisture in the powder divided by the mass of 
dry powder (expressed as a percentage): 
 )*+ = ,-./01234,05-674 − ,-./01234 ∙ 100 (2.16) 
where db refers to ‘dry basis’. 
The relationship between aw and Mdb stored at a given temperature can be described by 
using the sorption isotherm. Guggenheim-Anderson-de Boer (GAB) and Brunauer-
Emmett-Teller (BET) equations were used to fit to the experimental data of water content 
as a function of water activity. The GAB model is  
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)*+,- = <= ∙ >= ∙ !"(1 − <!")(1 + (>= − 1)<!") (2.17) 
where ,- is the mass of the powder at the equilibrium, C’ and K’ are constants. The effect 
of temperature on these two constants can be expressed by Arrhenius equations [105]. 
The experimental glass transition temperature data as a function of the water content has 
the best fit of the Gordon-Taylor (G-T) model [106]: 
 BC = D(BC( + EDFBCFD( + EDF  (2.18) 
where w1 and w2 are the weight fractions of water and powder sample, Tg1 and Tg2 are the 
glass transition temperatures in pure water and dry powder samples, respectively. k is a 
fitting parameter. The glass transition temperature of water, Tg1 was reported with the 
values at 134 K [107].  
Avaltroni et al. [16] reported that Tg is influenced by the molecular weight and this can be 
described by the Fox-Flory equation [108]:  
 BC = BCG − ℎ̇)" (2.19) 
where ℎ̇ is a constant, Mw the molecular weight of the polymer and BCG is the Tg for infinite 
molecular weight. 
Tg is often associated with a very high threshold viscosity (~1012 Pa s) [15,109]. Figure 2.7 
shows a simple glass transition diagram of an amorphous material. The transition from a 
glassy stable amorphous solid state to a rubbery amorphous solid state can begin to take 
place by either increasing the temperature or increasing the plasticiser amount (also known 
as the amount of water in the powder). The molecules are randomly distributed and mobile 
in the amorphous solid state while in a crystal the molecules are in a distinct arrangement 
with limited mobility. In the glassy state below the Tg [110], the powder behaves like a 
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brittle plastic. Above the Tg, the viscosity decreases with increasing temperature. This 
favours sticky interactions occurring between grains [111] due to the grains adhering 
together via liquid bridges, the resulting capillary forces being strong enough to cause the 
powder to ‘cake’ [15]. Caking results in initially free-flowing grains aggregating to form a 
lump, which is not ideal for rehydration. The definitions and mechanisms for sticking and 
caking will be discussed below. 
 
Figure 2.7: Representative glass transition diagram for an amorphous material [112]. 
Powders often experience variations in temperature and atmospheric humidity during 
handling, storage, processing and distribution. Most of the food powders contain 
amorphous, glassy components and consequently inter-grain interactions strongly 
influence the viscosity of the powder. The phenomena of sticking, caking, crystallisation 
and collapse are often encountered during the production and storage of dry powders [113]. 
Sticking occurs when the liquid bridges between the particles have formed. With the 
driving force of surface tension [114], liquid bridging appears as a result of sufficient flow 
to build a bridge between two particles These liquid bridges may be of molten fat or 
amorphous sugar. They can crystallise with time, leading to the irreversible consolidation 
of the liquid bridges [115]. Caking is defined as a stage when solid bridges are forming, 
and it can be promoted by fat melting, moisture adsorption and crystallisation of sugar 
components [116]. The thickening of interparticle bridges due to viscous flow and a 
reduction in the interparticle voids, leading to the deformation of product structure and 
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collapse under the force of gravity and surface tension [113]. The following mechanisms 
play important roles in the rehydration performance of food powders. 
Tg is not a constant parameter in these powders as it varies with water content [17]. The Tg 
data are able to provide an indication of the aw that should not be exceeded [111]. If aw 
results in a Tg that is less than the powder temperature, the powder may become sticky 
[117,118]. In order to prevent the powder from caking, Descamps et al. [111] suggested 
that it is best to keep the powder temperature at 4 °C below its Tg. It is necessary to know 
the water sensitivity of powder components in order to ascertain the kinetics of caking or 
crystallisation [119].   
Sorption isotherms provide an indication of how exposure to different RH (aw) affects the 
powder water content at equilibrium [102]. The combination of sorption isotherm data and 
Tg data provides a measure of the RH above which the powder should not be stored in order 
to prevent agglomeration [111]. Coupling these two measurements is particularly useful in 
relation to the storage and handling of the powder. Based on the wetting behavior of 
maltodextrin, for example, Dupas et al. [17] observed that the rehydration time of 
amorphous powders decreases when the Tg decreases (i.e. aw increases).  
Although some publications, e.g. [111,120,121], have reported that Tg is a helpful tool to 
link the mechanical and thermodynamic properties of amorphous food powders, Tg itself 
provides little information about the kinetic processes of molecular mobility associated 
with structural transformations in amorphous powders [93].  
 Effect of liquid flow conditions on the rehydration of food powders 
It has been shown that the creation of a vortex in a stirred vessel greatly improves the 
wetting of hydrophobic powders by rapidly submerging powder grains into the water 
[12,66]. However, if powder stacks (described in section 2.5) are present on the surface 
before agitation is initiated, these may become detached to form unwanted lumps, as 
described earlier [122]. 
Thus, it is apparent that the hydrodynamic conditions to which powders are introduced to 
liquids is an important factor in achieving efficient dispersion. For this reason, much effort 
has also been put into the configuration of dispersion vessels and the type of agitation used. 
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However, even if the stirred vessel is well designed, it has been found that good dispersions 
are not always guaranteed [9]. The mechanical power intensity coupled with liquid 
temperature may impact the behavior of rehydration processes [99,123,124]. The 
distributions of velocity, turbulent kinetic energy and kinetic energy dissipation are of key 
importance for the optimisation of stirred vessels [125]. One of the main hurdles to 
overcome in the agitation tank is the draw-down and dispersion of floating grains from the 
liquid surface, as grains may simply float due to their poor wettability [126] or composition 
[29,127], that can effectively produce a lower density than the liquid medium [128]. In fact, 
comparing rehydration times achieved at various temperatures and agitation speeds 
confirmed that the kinetics of rehydration were more sensitive to the former, rather than 
the latter [99,124]. 
Knowledge of the flow characteristics of vessels stirred by a single Rushton impeller has 
been developed by many researchers. Using a photographic technique, Sachs and Rushton  
[129] were the first authors to study the flow characteristics of a vessel with a Rushton 
turbine and identified the existence of strong radial discharge flow with a radial velocity 
component which varies with impeller blade angle. Van’t Riet and Smith [130] found that 
the vortex motion has a significant impact on the turbulence measurements and also showed 
that the shear rate in the trailing vortex system at higher stirrer speed is much higher than 
previously given in the literature. These results are of importance to dispersion processes.  
There are three types of mechanism present in the flow of liquids: axial, radial and 
tangential. The overall flow pattern in the vessel depends on the design and dimensions of 
the stirred tank, as shown in Figure 2.8, which includes the clearance of the lower impeller 
above the base of the vessel (C1), the gap between the impellers (C2), the submergence of 
the upper impeller below the free surface of liquid (C3) and the impeller diameter to tank 
diameter ratio, (*KLM)  [131]. Three stable flow patterns were observed during the flow 
visualisation experiments, namely (i) parallel, (ii) merging, and (iii) diverging flows, three 
configurations with different combinations of C1, C2 and C3. Rutherford et al. [131] and 
Pan et al. [132] used 360° ensemble-averaged approaches to measure the axial and radial 
velocity components; parallel flow patterns show the presence of four stable ring vortices, 
merging flow patterns show the impeller streams leaning towards one another and merging 
about midway between the impellers, and diverging flow patterns showing that the flow 
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generated by both impellers are independent to each other. Contour plots of the turbulence 
levels indicate that parallel flows achieve high turbulence with uniform blending, merging 
flows produce intensive mixing in the middle of the vessel and diverging flows experience 
deposition of solids on the bottom of the vessel. Hence, varying the parameters of C1, C2 
and C3 can lead to significant differences in both local micro- and macro-mixing 
characteristics. Over a wide range of conditions, Özcan-Taşkin [128] discovered the 
upward pumping mode to be more efficient than the downward pumping mode, as less 
power is required for drawing-down floating grains. 
 
Figure 2.8: (a) Stirred tank configuration, and (b) three flow patterns obtained in dual Rushton 
impeller stirred vessels. 
The flows generated in stirred vessels can be investigated by visualisation, mixing time 
analysis and power consumption [133]. There are two common systems to examine the 
flow structure, namely Laser Doppler Anemometry (LDA) and Particle Image Velocimetry 
(PIV).  LDA can be used to determine mean velocities, turbulence intensities [134], time 
and length scales of turbulence in a stirred vessel [135]. Similar to LDA, PIV can measure 
the average velocity, trailing vortices, shear and strain rate distributions which can be used 
to estimate the distribution of the turbulent kinetic energy and dissipation rate 
[125,136,137]. The difference between the techniques is that PIV identifies thousands of 
velocity vectors in a single plane simultaneously [61]. Computational Fluid Dynamics 
(CFD) simulations are commonly used for the validation of experimental results [138,139].  
The key hydrodynamic parameters (velocity vectors and viscous dissipation), averaged 
viscous dissipation values and pumping capacities, obtained from CFD simulations were 
used to compare the performance of impellers.  
  Chapter 2 
Page | 47  
In order to characterise the flow within the flow cell, it is essential to calculate the power 
number, Np, Reynolds number, Re, Froude number, Fr and pumping number, NQ, given by 
the following equations:  
 N6 = OPQN&RSTU (2.20) 
 VW = N&STFPQX  (2.21) 
 YZ = N&FST[  (2.22) 
 N\ = ]N&STR (2.23) 
where P is the power consumption, NR is the number of rotation (rev s-1), dI is the impeller 
diameter (mm), Q is the pumping rate of the impeller (m3 s-1), and X  is the dynamic 
viscosity (Pa s). 
Experiments have shown that in a baffled vessel in the turbulent regime, Np is independent 
of Re and circular motion of liquid is avoided within the system, resulting in strong axial 
or radial flow, whereas in an unbaffled vessel, the relative velocity between the impeller 
and the liquid is smaller, due to the existence of circular motion of liquid and the appearance 
of centrifugal forces, causing vortices to develop on the free surface of liquid [9]. Hence, 
at a given Re, Np decreases with increasing Fr.  
The performance of different types of impeller could be assessed by comparing their Np 
and NQ. These parameters are functions of the impeller type, its geometry, and Re [140]. 
However, it was found that Np, NQ and their ratio are not sufficient to permit the selection 
of the high-shear impellers for unbaffled systems where high local shear stress or viscous 
dissipation is desirable [141]. Ramírez-Gómez et al. [141] divided the impeller swept 
volume into two sections: the impeller blade swept volume and the impeller centre swept 
volume. Since most of the breakage of particle agglomerates is carried our mainly in the 
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blade swept volume rather than in the whole impeller swept volume, they proved that the 
dimensionless average viscous dissipation in the blade swept volume as the maximum 
effective dissipation section for solid-liquid dispersion at low to moderate Re [138,141]. 
Ramírez-Muñoz et al. [138] studied the influence of the power input on the power 
dispersion efficiency. At a higher power input, the performance of a Hockmeyer-type two-
ring high-shear impeller was found to be more efficient than a Ruston turbine impeller, due 
to its high effective viscous dissipation produced inside the impeller blade swept volume 
and its effective liquid circulation passing through this section. Martínez-de Jesús et al. 
[139] studied numerically the hydrodynamics produced by the two custom-made 3-D-
printed variants of the Norstone Polyblade. Their power consumption and dispersing 
efficiency were compared with the reported data for two rings and four rings style high-
shear impellers and the sawtooth impeller. They reported that at the highest Re ≤ 133, with 
two different sizes of Norstone type impellers inducing very similar maximum viscous 
dissipation. In comparison, at the same power input, the two rings and four rings style high-
shear impellers exhibits much lower values of maximum viscous dissipation. 
The “just suspended” condition is a crucial criterion in solid-liquid mixing processes, where 
all the particles are in motion within the system but not necessarily uniformly distributed. 
Zwietering [142] proposed a correlation to predict the just suspended speed, Njs:  
 N^ 0 = _`%.(([∆PPQ )%.cUS6%.Fd%.(RSTe%.fU (2.24) 
where S is a geometrical constant, v the kinematic viscosity (m2 s-1) , dp the particle size 
(mm), X is the % mass of solid in liquid within the system, and ∆P = Pg − PQ  (kg m-3). 
However, some workers [143–145] discovered that under certain circumstances this 
correlation might become invalid. Another well-known correlation, eq. 2.25, was 
postulated by Baldi et al. [146] based on the hypothesis that the suspension of particles due 
to turbulent eddies have similar sizes to the particle diameter, and the energy transferred by 
these eddies to particles lifts them to a wavelength of the same order of magnitude as the 
particle diameter. 
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 N^ 0 = `%.(h([∆PPQ )%.cFS6%.(cd%.(FUSTe%.fi (2.25) 
It is interesting to find that in a mixing vessel with a Rushton impeller, the Njs is independent 
of the clearance of the lower impeller above the base of the vessel (C1), as shown in Figure 
2.8, but strongly dependent on the impeller-to-tank diameter (*KLM) ratio [147].  
Homogenous dispersion of particles is important for many processes, as the rate of mixing 
will affect the reaction rate of those processes. Dispersion of particles in stirred vessels 
becomes more challenging when the loading of a large amount of particles has an impact 
on the fluid motions [148], which leads to high concentration of slurries, poor heat and 
mass transfer rates, and therefore requires high impeller power consumption to trigger the 
rate of dissipation. Wang et al. [149] investigated experimentally and numerically the 
complete dispersion of particles in high concentration slurries. By using CFD simulation, 
these workers proposed to use “cloud height” as an indicator for mixing homogeneity and 
also discovered that the change in impeller speed in unbaffled mixing vessels has less 
impact on the cloud height and the distribution of particles than baffled mixing vessels, 
which showed the potential for power saving.  
In a well-dispersed multiphase system, the density of the mixture can be defined by: 
 P-/j1234 = (1 − <k)P7 + <kP0  (2.26) 
where <k  is the volume fraction of solids and P0  is the solid density. By combining 
equations (2.20) and (2.26), the power used to disperse the solids is given by [149]: 
 O = P7N&RlUN6 + (P0 − P7)N&RlUN6<k (2.27) 
where the first term of the right-hand side equation is the power consumption of liquid 
without particles (<k=0) and the second term is the power input, which scales as <k. 
In both baffled and unbaffled systems, the power number of Rushton turbines is related to 
the number of blades, m by [149]: 
 N6 = 1.51(m)%.h%	for	baffled (2.28) 
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 N6 = 0.53(m)%.(f	for	unbaffled (2.29) 
Hence, the power input of any solid-liquid system can be calculated by substituting eqs. 
2.28 or 2.29 into eq. 2.27. 
Although all the studies above have been carried out at laboratory scale, they will be helpful 
for gaining insight into industrial dispersion process, particularly during scale-up.  
 Analytical techniques used to evaluate wetting and dissolution of powders 
The analytical techniques used to measure the rehydration of powders in general, and food 
powders in particular, can be divided into those that are able to differentiate the various 
stages of the rehydration process (as indicated in  
Figure 1.1) and those that are only able to quantify the overall rehydration time, or at a 
specific stage related to the rehydration. 
Quantitative results from wettability and ‘dissolution ability’ testing (e.g. for solubility of 
powders by centrifugation followed by drying and the insolubility index test) are 
straightforward to perform and interpret, but the results do not represent all the stages of 
powder rehydration. Also, the powders may remain on the surface for long periods of time 
or they may sediment to the bottom of the vessel.  
There are a few methods that can be applied to measure the wettability of powders, 
including the International Dairy Federation standard method [150], Washburn method 
[37], the turbidity method [92], and the measurement of dynamic contact angles [54].  
Figure 2.9 shows a number of common measuring techniques that can be used for 
characterising the wetting of a bulk soluble powder. These are conventional methods and 
applicable to the majority of soluble food powders. The method shown in Figure 2.9 b is 
useful to characterize the conventional wetting time and the dynamic wettability under a 
specified feed rate. This approach can determine the sinking point of the powder by using 
high speed photography [151]. The Washburn equation (eq. 2.7) has been used in many 
previous studies to analyse the water uptake by capillary rise, but mainly by using insoluble 
powders [10,152]. Some research has been done to describe the water-uptake capability of 
the soluble food powders [17,153,154]. By using the similar Washburn set-up as shown in 
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Figure 2.2 b, Kammerhofer et al. [154] replaced the insoluble powder with sucrose to 
introduce the effect of solubility. They developed a model based on the solution of a 
coupled system of two differential equations: capillary rise into a pore network, and mass 
transfer equation, to predict the first seconds of capillary penetration into a system 
consisting of soluble powder.  
 
Figure 2.9: Schematics of (a) the slider method used to characterize wettability of food powders 
[9,51,91], (b) the flow channel used for measuring dynamics wetting of powders [9,91,151], and (c) 
the capillary rise experiment [153]. 
There are also a number of techniques to investigate the dissolution kinetics of food 
powders, including calorimetry, rheology, static light scattering, microscopy, ultrasonic 
reflectance and nuclear magnetic resonance imaging. A number of studies have used the 
experimental setup shown in Figure 2.10 to measure the dissolution time of soluble 
powders. Table 2.2 contains a summary of techniques used to measure the rehydration of 
powders and their limitations in this context. 
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Figure 2.10: Schematic drawing of (a) the experimental set-up used to characterize the rehydration 
of soluble food powders [9,12,17,151], and (b) the experimental set-up used to study the dissolution 
of soluble grains [84]. 
One of the common plots for powder dispersion during agitation is the difference between 
added powder mass volume and dispersed powder mass per liquid volume versus time [9]. 
A turbidity probe is used to measure the amount of powder dispersed, which is calibrated 
by the dispersion of known concentration. If there is a large difference between ca and cd, 
this indicates lump formation in and on the liquid surface.  The % wettability can therefore 
be evaluated through [150]:  
 %	wettability = 100	´	 mass	of	powder	dissolvedmass	of	initial	powder  (2.30) 
The % solubilisation is defined by: 
 %	solubilisation = 100	´	(1 −)*0Ñ)*0/ ) (2.31) 
where Mdsi is the initial mass of the dry powders, Mdsf is the final mass of dry powders after 
a specified solubilisation time in a stirred vessel and was measured using oven drying test.  
The solubilisation rate (rate of mass transfer) decreases over time due to the differences in 
concentration and reduction in total surface area of particles. The mass transfer coefficient 
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is influenced by the particle size and the local viscosity build upon the dissolution. The rate 
of solubilisation can be represented by: 
 
S,SÖ = ĖÜ(á051 − á) (2.32) 
where *-*1  is the rate of mass transfer, Ė is mass transfer coefficient, A is total surface area 
of particles, and (á051 − á)  is the difference between the saturated concentration of 
component and its concentration after certain time, t.  
Table 2.3 summarises the literature combining several techniques to the interpretation of 
the rehydration behaviour of powders. The information about each rehydration stage, as 
well as the final rehydration indicated by the techniques, help to identify mechanisms and 
causes of poor rehydration [155]. The rate-limiting regime mapping approach that has been 
used by Mitchell et al. [12] and Fitzpatrick et al. [66] is only able to provide a general 
picture of how powders behave under different applications. The wetting time and 
insolubility index tests can only be used for initial screening, and to differentiate between 
easily wet powders from those that are poorly wetted. However, these are only qualitative 
approaches that are unable to monitor the change in grain size distribution over time to 
enable determination of the dissolution kinetics. Dynamic contact angle measurements and 
Washburn analyses based on capillary rise are believed to be useful for quantifying the 
wettability of soluble food powders. A combination of analytical techniques can improve 
the interpretation of the rehydration behaviour of powders. For example, by combining 
conductivity measurements with focused-beam reflectance measurement (FBRM), it is 
possible to quantify the dissolution of powders and measure on-line variations of grain size 
[156]. The choice of techniques to study rehydration is also dependent on the composition 
of powders. For example, the kinetics of fast dispersing powders could not be accurately 
quantified by the light scattering technique, due to its time required to do the measurement. 
 
  
Table 2.2: Summary of techniques used for measuring the rehydration of powders. 
Technique Description Limitations References 
Turbidimetry Measure the loss of intensity of transmitted light due to the scattering effect of grains suspended 
in a solution. The changes in turbidity highlight wetting, swelling, dispersion and dissolution 
stages. 
Noisy data [92,96,98,15
7] 
Wetting time (IDF) Measure the time required for a given mass of powder to be fully submerged below the water 
surface without any agitation. 
Only suitable for powders that are easy to wet [51,83,158] 
 
Dynamic contact 
angle - Washburn 
method 
Evaluate a liquid droplet penetrating into a powder bed and monitor the changes in the contact 
angle over time by using an optical tensiometer. Applicable for powders with a porous structure 
or agglomerated powders. 
Difficulty in measuring dynamic contact angle 
accurately at a higher speed rate and the reading 
difficult to reproduce. Viscous layer formed during 
the experiment.  
[42,54,152,1
53] 
Conductivity Evaluate the mineral release or ionic strength during the rehydration of powder. Noisy data if there is agglomeration near the probe  [12,82,90,15
9] 
Light scattering 
(laser 
diffractometry) 
Determine grain size and grain size distribution in both dry and wet systems. The grain size is 
based on the specific angle at which the grain shows scatter light. 
Does not provide information about wetting of 
powders and the solution must be diluted for 
measuring rehydration of powders. 
[82,96,160–
162] 
Microscopy analysis Techniques: optical microscopy, scanning electron microscopy, granulomorphometry and atomic 
force microscopy. Methods: image analysis on the grain surface during the rehydration process.   
Sample preparation. [92,99,159,1
63] 
Rheological 
approaches 
Identify the stages involved during the rehydration of powder based on viscosity changes. Choice of concentration. [13,98,164] 
Dissolution time, t90 The time required for the dissolved concentration to achieve 90% of the maximum value 
(measured by refractive index probe or conductivity meter). t0 is introduced as the time when all 
powder has been added to the liquid. 
- [12,17,88] 
Low-field nuclear 
magnetic resonance 
spectroscopy 
(NMR) 
Extremely sensitive to protein-powder interactions. Not able to recognise the wetting stage of total 
powder rehydration. Signal interference by fat 
mobility. 
[96,160,165
–168] 
Focused-beam 
reflectance 
measurement 
(FBRM) 
Measure grain size distribution and the kinetics of grains in suspension. Compute aggregates and agglomerates as a single 
big grain. 
[156,169–
171] 
Low intensity 
ultrasound 
Measure the sound transmission in terms of number and types of bond present in the food powder. 
It is fast, precise and non-destructive, as it does not cause physicochemical alterations in the 
properties of powder. 
Choice of fitting equation [171–177] 
Insolubility index 
test (IIT) and 
solubility by total 
solids of supernatant 
Measure the remaining insoluble powder in a graduated standard glass cylinder.  Solid residues 
present in the supernatant and amount of sediment measured after centrifugation. 
The results are not reproducible and do not reflect all 
the stages involved in powder rehydration. Powders 
with low density or high fat content may not 
sediment after centrifugation, even if the powders 
are not fully soluble. 
[13,178–
181] 
  
Table 2.3: Studies combining several techniques to characterise the rehydration behaviour of powders 
References Methodology Conclusions 
[82,83] Wetting time by immersion wetting procedure, dispersibility index, laser 
light scattering method, NIR transmission measurements by Lumisizer, 
conductivity, dynamic contact angle and Washburn methods 
Poor wettability was the rate limiting factor for rehydration. Agglomeration promotes wettability but 
had no beneficial effect on dispersibility. The actual intensity of light transmission is dependent on the 
compositions of powders and is only feasible to compare the agglomerated and non-agglomerated forms 
of the same powder.  
[152] Drop penetration time measurements on powder beds, SEM and BET  The effect of moisture content and internal porosity of starches on the wetting stage was studied.  
Starch with low relative humidity increase the difficulty of penetration of water into the powder.  
[90] Conductivity, static light scattering, dynamic contact angle analyses  High protein MPC powders showed worst rehydration properties. Low ionic strength has negative effect 
on the rehydration of high-protein MPC. Restoration of ionic strength using KCl or ultrafiltration 
permeate from milk (UFP) combined with an increased temperature accelerate rehydration.   
[10] Calorimetry, dynamic contact angle and Washburn method Dissolution of freeze-dried SMP was shown to be much faster than dissolution of recrystallized SMP.  
[99] Ultrasound with granulomorphometry –relaxation times, static light 
scattering- rehydration times 
Depending on the wettability versus total rehydration time, granulation does not always enhance the 
rehydration process. Rehydration process is more sensitive to temperature than impeller speed. 
[182] Calorimetry and image analysis Given the fact that crystalline solids present an endothermic response, the present of crystalline phase 
during storage of food powders results in poor dissolution kinetic.   
[151,156] FBRM and SEM The dynamic dissolution behaviour of MPC decreases with increasing storage temperature and 
extended storage duration. 
[96] Turbidity profiles coupled with the static light scattering Agglomeration does not always improve total rehydration. Agglomerate whey powder and non-
agglomerate micellar casein obtain quicker rehydration 
[85] Image analysis, dynamic contact angle and Raman spectroscopy The results of advancing contact angles of polymer solutions after drying showed that the dry layer of 
hydro-soluble polymer experienced difficulties in wetting, due to the hydrophobic backbone of the 
polymer, which segregates at the air-polymer interface.   
[66] IDF method (wetting time), solubilisation ability and rate-limiting regime 
mapping 
Pouring powders into the vortex of a stirred system could greatly improve wettability but some powders 
may form strong films at the powder (solid) - liquid interface that may disrupt the agitation system. 
[153,183] 
 
Capillary rise, contact angle and rheology, NMR, water uptake capacity, 
dissolution test over time: inline photometer equipped with a transmission 
dip probe. 
The problems of rehydrating xanthan gum arise from swelling effects and the rehydration of guar gum 
is delayed by the highly viscous forces within the aggregates. A model based on the physical 
characteristics of powder was developed to predict the dynamic wetting behavior of powder. The model 
showed that when the rate of imbibition of liquid into the powder bulk is slow, the formation of floating 
layers and grain aggregates is more likely to happen. The capillary liquid transport within the powder 
was stopped within ~1 s, which suggests this it is not suitable to assess the changes in the dynamic 
behavior of food powders. 
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 Conclusions  
Remarkable developments have been made in the studies of wettability of insoluble 
powders as well as the rehydration behaviour of soluble powders in the past few decades, 
providing a better understanding of effects observed, particularly when attempting to 
disperse bulk powders. For example, the formation and stability of different grain structures 
such as rafts and stacks can be traced to the physicochemical properties of the grains. In 
powder form, the grain stacks can be precursors to lumps, which are poorly-wetted 
structures that are deleterious to many powder applications and products. Lumps can be 
broken down into smaller pieces and dispersed into liquid with sufficient agitation, and the 
review also considers the optimisation of conditions, such as liquid temperature, type of 
impeller and agitation speed, to achieve effective powder dispersion. This knowledge 
provides guidance for practical situations such as the design, formulation and processing 
of, for example, food and pharmaceutical powders.  
Most food powders exist in partly or fully amorphous states. Extensive studies have been 
conducted to study the stability of food powders during handling, storage, processing and 
distribution, which have benefitted from an understanding of water management of the food 
components and their impact of water (humidity) on food characteristics. As described 
herein, some techniques are only able to quantify a specific stage related to the rehydration 
process, or only provide knowledge about the final rehydration. This suggests a 
combination of two or more techniques enhances the interpretation of the rehydration 
behavior of powders, and examples from the literature have been given.  
Placing insoluble or soluble powders on a liquid surface leads to the possibility that one or 
more of the following mechanisms can occur: wetting of the grain surfaces; capillary 
wicking of the liquid into the powder; and/or dispersion of the grains into the liquid. 
Although this review applies the fundamental theories of floating and sinking for insoluble 
powders with the rehydration behavior of soluble powders, further mechanistic 
understanding is still needed to identify the conditions leading to efficient dissolution 
performance. For soluble powders, further interaction of the liquid with the molecular 
structure of the grain occurs, involving diffusion, swelling and ultimately dissolution. 
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Pouring of grains onto liquid surfaces: dispersion 
or lump formation? 
 Introduction 
Whether grains float or sink at air-liquid surfaces is of considerable importance in many 
industrial applications. Consistent with most of the studies cited above (Chapter 2, sections 
2.4 and 2.5), the work described in the present chapter used insoluble grains to focus on the 
conditions leading to effective wetting and dispersion, without the influence of dissolution.  
This study considers what happens to grains poured onto a static air-liquid interface from 
a funnel. Depending on the grain contact angle and liquid surface tension, the interface can 
only support a single layer of grains, known as a raft, as introduced in Chapter 2, or several 
layers of grains, forming a granular stack. By continuously pouring grains onto the liquid 
surface, granular stacks grow until either they release grains that disperse in the liquid 
subphase, or they become destabilised and sink as a dry powder lump. The influence of the 
grain size, density, contact angle and surface tension on stack formation have all been 
considered.  
Experiments are reported and an analytical model developed, showing the threshold for 
wicking and stack detachment. Also discussed is the formation of dry granular jets when 
the kinetic energy of the grains added to the surface is sufficient to entrain air into the liquid. 
It is the aim of this chapter to provide further understanding of the phenomena described 
above, and to identify conditions for the effective dispersion of powders in liquids which 
avoid the formation of dry lumps. 
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 Experimental 
 Materials 
Three types of grains were used in this study:  
• Glass beads (from Sigma-Aldrich UK) 
• Polymethyl methacrylate beads (PMMA, from Sigma-Aldrich UK) 
• Yttrium-stabilised zirconium oxide beads (ZY-S, from Sigmund Lindner UK).  
Water was deionised from a CENTRA® R200, ELGA system (conductivity 1 ± 
0.5	µS/cm). All other reagents (absolute ethanol ≥ 99.8%, glycerol, dimethyldichlorosilane 
solution in heptane, acetone and toluene) were purchased from Sigma-Aldrich UK.  
Water-ethanol mixtures of varying composition (expressed as mass fraction of ethanol, Mf) 
were used as the liquid phases, enabling the liquid density and the wetting properties of the 
grains to be systematically altered [2].  
The effect of increasing viscosity on wetting properties of the grains was also verified in 
the case of ternary mixtures of glycerol, deionised water and ethanol. The viscosity of the 
liquids at 22 ℃ were measured by a Paar Physica UDS 200 controlled stress rheometer 
(Anton Paar GmbH, Graz, Austria). The average value of viscosity shown in Appendix A 
were obtained at a range of shear rates between 0.1 - 500 s-1 using cone and plate geometry 
(diameter = 23 mm, ) = 2° with a 50 µm gap). Viscosity measurements during the shear 
rate ramps were taken imposing a steady-state condition. 
 Particle size and density measurements  
The particle size distributions of each powder sample were determined using a QICPIC 
image analysis system (Sympatec GmbH, Clausthal-Zellerfeld, Germany). The system 
configuration comprises the image analysis sensor QICPIC, gravity dispenser GRADIS/L 
and dosing unit VIBRI/L (Figure 3.1 a). The dosing of the sample is performed with the 
precision vibratory feeder. In the GRADIS free-fall shaft with the integrated impact-plate 
cascade, the sample falls under gravity with minimum grain-wall and grain-grain contacts. 
As the grains are accelerated under gravity by the dispersion process, a pulsed light source 
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with an exposure time of less than 1 ns coupled with the high speed camera captures 
particles from 5 to 10,000 µm (Figure 3.1 b). 
The particle size distribution provides different parameters such as d10, d50 and d90, which 
represent the diameters corresponding to 10, 50 and 90% of the volume of particles in the 
distribution (as shown in Appendix A). These parameters are used to determine the span, s, 
of the particle size distribution, = (d90 – d10) / d50.  
 
Figure 3.1: (a) Image of QICPIC equipment, and (b) schematic diagram of particle size distribution 
measurement. 
Table 3.1: Physical properties of the grains used in this study.  
Grain material Grain diameter, 
d50 (mm) 
Span, s  Density, -. 
(kg m-3)  
Bulk 
density, -/  
(kg m-3)  
PMMA 0.907 0.22 1200 750 
PMMA 0.497 0.41 1170 695 
Glass 1.158 0.21 2495 1570 
Glass 0.606 0.42 2497 1595 
Glass 0.266 0.44 2497 1550 
Glass 0.082 0.58 2490 1530 
ZY-S 1.152 0.20 6022 2200 
ZY-S 0.738 0.42 6020 2160 
ZY-S 0.305 0.29 6010 2120 
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Grain density was measured by gas pycnometry (AccuPycnometer 1330, Micrometrics 
Instrument Corp., Norcross, GA, USA). Bulk density was measured by weighing powder 
in a FT4 powder rheometer (25 mm diameter and 25 mL volume) with split vessels, which 
allow a precise volume to be obtained.  
Three different grain densities were used in this study to provide a quantitative 
understanding of the conditions for powder dispersion used in many industrial applications. 
For instance, since the density of PMMA is comparable with the density of food powders 
used in Chapter 5, the efficient dispersion of PMMA grains is of use in understanding the 
rehydration of food powders studied in Chapter 5. The efficient dispersion of glass grains 
can be used in understanding cement dispersion technology. Lastly, the efficient dispersion 
of yttrium-stabilised zirconium (the common solid oxide fuel cell electrolyte material) in 
liquid phases can be used in improving the development of inkjet printing [184]. 
 Silanisation of grains 
The as-received powder samples were initially hydrophilic, and in order to make them more 
hydrophobic, all three types of powder were silanised using the same procedure, as follows:  
1. The powders were cleaned, initially by placing them in 1 mol L-1 hydrochloric acid 
solution for 1 hour. 
2. The powders were rinsed thoroughly with deionised water, and finally dried for 4 
hours at 60 ˚C.  
3. Subsequent silanisation followed the protocol described by Hamlett et al. [46], 
which involved suspending each sample (20 g) in a dichlorodimethysilane (5% 
w/w) solution in heptane at room temperature for 2 hours. 
4. The powders were then rinsed with toluene (except PMMA) and allowed to air-dry 
for 2 hours and finally oven-drying at 60 ˚C for 8 hours. PMMA was then rinsed 
with acetone dried in the oven at 60 ˚C for 8 hours. 
 Determination of surface tension of water-ethanol mixtures and grain contact 
angles 
The surface tensions of the ethanol/water mixtures were determined at room temperature 
by the Wilhelmy plate technique using a Krüss K10 tensiometer. As shown in Figure 3.2, 
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when a vertically suspended plate touches the liquid surface, a force (F) is applied on the 
plate that depends on the surface tension (0 ) and contact angle (1 ) according to the 
following equation:  
 0 = 325 cos1 (3.1) 
where 2L is the wetted perimeter of the plate. For clean platinum plates, the contact angle 
is assumed to be zero. 
 
Figure 3.2: Schematic of a Wilhelmy plate in contact with a liquid surface [185]. 
Deionised water-ethanol mixtures were used to vary both the grain contact angle and liquid 
surface tension, essentially as described previously in reference [2]. Contact angles of 
single grains were measured at room temperature (22 ± 1 °C), as shown in Figure 3.3. 
Single grains were carefully positioned at the air-liquid surface of the different 
ethanol/water mixtures contained in a 1 cm ´ 1 cm quartz cuvette. Each measurement was 
repeated on ten different beads to provide mean values. The DropSnake plugin of ImageJ 
[186] was used to compute the contact angles from images obtained using an FTA100 Drop 
Shape Analyzer (First Ten Angstroms, Portsmouth, VA, USA).  
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Figure 3.3: Experimental setup. (a) Contact angle analysis of a silanised grain in a cuvette. (b) 
Image shows the measurement of contact angle of a grain at air-liquid interface (d50 = 0.907 mm 
PMMA at Mf  = 0.12). 
 Powder dispersion experiments 
In order to study powder dispersion, a glass cell (15.5 cm ´ 11.0 cm ´ 8.0 cm) containing 
the test liquid was used. Initially, a uniform single layer (raft) of dry grains was deposited 
on the liquid surface, see Figure 3.4 a. Further grains were then poured on the surface 
through a paper cone with a known diameter aperture positioned at a fixed position and 
distance from the surface.  
Depending on their contact angle and density, the grains either pass straight through the 
surface and disperse in the liquid, or are retained by the surface as a multilayer stack. These 
two scenarios are depicted in Figure 3.4 b and c, respectively.  The creation of a raft initially 
avoids a lateral movement of the subsequent stack.  
As shown in Figure 3.4 d, wicking is detected by the detachment of individual grains from 
the stack, as liquid invades the pores of the stack. Conversely, the stack is said to detach 
when it sinks as a whole, air being maintained in the pores, with individual grains not 
dispersing into the liquid (Figure 3.4 e). 
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Figure 3.4: Schematic diagrams showing (a) the experimental configuration and the fate of grains 
on a static liquid surface. The sequence (b) shows when the contact angle θ ≤ 18∗, the grains cross 
the interface and disperse individually and the sequence (c) shows when the contact angle θ > 18∗, 
the grains form a stack. h* is taken from the undisturbed liquid surface. The sequence (d) shows the 
wicking of the liquid in the pores can lead to the progressive dispersion of the grains if N = NW< 
N* where Bo > Bo*. Conversely, if N = N* < NW where Bo < Bo*, the granular islands detach and 
sink forming dry powder lumps, sequence (e). 
The process was monitored in terms of growth and evolution of the stack using a Basler 
camera with a resolution of 2.3 Mpixels (acA1929-155 µm). The mass flow-rate of the 
grains was recorded using a Sartorius 2250 balance connected to a computer, and was 
varied using cones with different orifice diameters: dO = 1, 1.5, 2, 3, 4, 5, 7 and 10 mm. 
The height of the orifice above the undisturbed liquid surface was also varied (dH = 20, 30, 
50 and 100 mm) to alter the kinetic energy of the grains impacting the surface. For PMMA 
with d50 = 0.907 mm, the mass flow rates shown in Appendix A were obtained at a range 
of orifice diameters between 3 and 5 mm, the funnels were located 30 mm above the 
undisturbed liquid surface. 
The maximum depth of the stacks, h*, and the maximum stack mass, m*, are recorded at 
the point of either “wicking and dispersion” or “stack detachment” being observed.  
The corresponding maximum number of grains (:; or :∗, respectively) are computed 
using the formula :;	or	:∗ = 	=∗/ >? @(BCDE )?-.. Each experiment was repeated at least 
five times. 
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 Results  
 Effect of liquid composition on surface tension and grain contact angle 
Figure 3.5 shows the effects of the ethanol mass fraction, Mf, on the liquid-air surface 
tension and the contact angle of the different types of hydrophobised grains. In general, 
both the contact angle and surface tension data are seen to decrease monotonically with 
increasing Mf. The contact angle varied in the range 100 ± 1.4˚ to 48 ± 1.1˚ and depended 
on the material and grain size. Table 3.2 summarises the densities measured experimentally 
for different ethanol mass fractions. 
 
Figure 3.5: Effect of the ethanol mass fraction in water on the contact angle of silanised grains of 
different sizes (d50 indicated in the legend) and on the air-liquid surface tension (black squares). 
The inset shows images of 1.158 mm glass beads at the air interface of different water/ethanol 
mixtures. 
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Table 3.2: Physical properties of the water/ethanol mixtures used in this study. 
Mass fraction of 
ethanol, Mf 
Surface tension, 0 (N m-1) Density of liquid, -G  
(kg m-3)  
0.00 0.0722 999.9 
0.04 0.0607 989.5 
0.08 0.0525 986.3 
0.12 0.0468 968.3 
0.16 0.0438 960.2 
0.20 0.0402 956.2 
0.23 0.0386 952.1 
0.27 0.3680 936.0 
0.31 0.3470 918.9 
0.33 0.3365 916.3 
0.35 0.3260 915.5 
0.44 0.3040 895.5 
 Critical contact angle for stack formation 
Figure 3.4 shows schematically the conditions leading to stack formation when pouring 
grains continuously. When the contact angle of the grains is lower than a critical contact 
angle (θ ≤ 18∗), no granular stack is formed, the interface only being able to support a 
granular raft, as previously reported by Raux et al. [2].  
Table 3.3 summarises the critical contact angles (18∗) measured experimentally for different 
grain densities and sizes. As expected, such critical angles are significantly lower than 90°, 
but they are higher than the critical contact angle 18∗ ≈ 51° [33,45] predicted theoretically 
for stacks composed of monodisperse grains that are smaller than the capillary length and 
placed gently onto the interface, as observed experimentally by Raux et al. [2]. Although 
polydispersity and packing defects could contribute to this difference, pouring grains 
continuously from a funnel is more likely to be the dominant factor. As a result, the kinetic 
energy of the grains can provide perturbations that are able to overcome the shallow energy 
barriers [2] preventing wicking into the pores within grains having a contact angle higher 
than but close to θ8∗ .  
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Table 3.3: Characteristics of the grains used in this study.  
Grain material Grain diameter, 
d50 (mm) 
18∗(°) 
PMMA 0.907 70 ± 1.7 
PMMA 0.497 74 ± 1.5 
Glass 1.158 71 ± 0.8 
Glass 0.606 68 ± 1.5 
Glass 0.266 70 ± 0.8 
Glass 0.082 72 ± 1.5 
ZY-S 1.152 77 ± 0.8 
ZY-S 0.738 69 ± 1.5 
ZY-S 0.305 74 ± 1.3 
 The maximum size of granular stacks, limited by wicking or by lump 
formation 
When 1 > 	18∗, three different scenarios occurred when grains were fed continuously from 
a funnel. It was observed that the stacks grew until either: 
i. The size became limited by the progressive dispersion of wetted grains into the 
liquid, or 
ii. A sudden detachment of the stack led to the formation of a dry lump (as 
schematically illustrated in Figure 3.4.  
Indeed, either the liquid was progressively able to wick into the pores, with some grains 
able to disperse into the water (as illustrated in Figure 3.6 a and b), or the equilibrium of 
the whole stack was suddenly compromised and it sank while most grains remained dry (as 
illustrated in Figure 3.6 c and d).  
A third scenario occurred when the kinetic energy of the grains was increased, e.g., by 
increasing the funnel height and/or the flow rate. In this case a continuous dry granular jet 
formed, as illustrated in Figure 3.6 e, and sank into the liquid and accumulated at the bottom 
of the container. 
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Figure 3.6: Different mechanisms limit the size of the granular stacks obtained by pouring grains 
continuously onto an air/liquid interface. The sequences (a) and (b) show the sedimentation of 
grains occurring when the liquid is able to wick into the stacks: (a) for d50= 0.907 mm PMMA 
grains with θ = 88 ± 3.8 °, and (b) d50 = 0.606 mm glass grains with θ = 77 ± 1.6 °. The sequence 
(c) shows wicking followed by the detachment of the stack for d50 = 0.606 mm glass grains with θ 
= 90 ± 1.7 °. In (d) the detachment of a stack forming a dry lump can be observed for d50 = 0.266 
mm glass grains with θ = 90 ± 1.4 °. The sequence (e) illustrates the formation of a dry granular 
jet obtained with d50 = 0.266 mm glass grains, θ = 80 ± 1.4 °. The average mass flow rate for 
experiments (a) to (d) was 3.8 ±  1.1 × 10O>	PQ	ROS , while the average mass flow rate for 
experiment (e) was 14.9 ±	0.3 × 10O>	PQ	ROS. In all experiments the funnel was located 30 mm 
above the liquid surface. Scale bars correspond to 10 mm. 
Figure 3.7 illustrates quantitatively how the mechanisms (i) and (ii) limit the size of 
granular stacks. All results were obtained using glass grains and a funnel with a 3 mm 
orifice located 30 mm above the undisturbed liquid surface. The maximum depth of the 
stacks, h*, increased with the contact angle for all the grain sizes considered. Furthermore, 
h* increased significantly when the glass grain size decreased from 1.158 to 0.082 mm.  
The stacks built with smaller grains and with higher contact angle detach from the interface 
without grain dispersion, forming dry lumps. Conditions leading to stack detachment are 
represented by blue symbols in Figure 3.7. These results are comparable with the 
experimental results by Raux et al. [2], who focused on smaller contact angles and only 
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observed wicking, as shown in the red dashed line in Figure 3.7. The line represents the 
maximum depth of stack, h* of wicking for grains of radius R = 52 µm. 
 
Figure 3.7: Effect of the contact angle θ on the maximum depth of a granular stack, h*, for glass 
grains of different sizes. Blue symbols indicate stacks that detach leading to lump formation and 
green symbols indicate conditions leading to grain dispersion. The average mass flow rate was 3.8 
± 1.1 ´ 10-4 kg	ROS. The funnel was located 30 mm above the liquid surface and using water/ethanol 
solutions except where stated otherwise. The red dashed line was obtained from Raux et al [2].. 
Conversely, the depth of the stacks formed from larger grains with low contact angle is 
limited by the liquid wicking into the pores, leading to the sedimentation of individual 
grains and clusters of grains. These conditions are represented using green symbols in 
Figure 3.7. For intermediate size and wettability conditions, both liquid wicking and stack 
detachment can be observed. It is important to notice that stack detachment does not only 
occur for completely hydrophobic grains, as grains with a contact angle as low as 75 ° have 
also been observed to form stacks that detach from the interface and sink as dry lumps.  
The effect of a ten-fold increase in viscosity (as shown in Appendix A) on stack stability 
was also verified in the case of ternary mixtures of glycerol, deionised water and ethanol. 
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The maximum depth of the stacks obtained with these solutions was found to depend on 
the grain size and contact angle, but not on the liquid viscosity, suggesting that the 
dynamics of liquid wicking into the pores is not a controlling mechanism.  
 Effect of grain density on dispersion and lump formation for PMMA, glass and 
ZY-S 
Apart from the glass grain results shown in Figure 3.7, Figure 3.8 shows that approximately 
linear relationships exist between the contact angle 1 and the maximum stack depth, h* for 
grains of different densities and sizes. In general, the maximum depth of the stacks, h*, is 
found to increase with increasing contact angle, and decreases with increasing grain size.  
 
Figure 3.8: Effect of the contact angle θ on the maximum depth of a granular stack, h*, for grains 
of different sizes and densities. Blue symbols indicate stacks that detach leading to lump formation 
and green symbols indicate conditions leading to grain dispersion. The average mass flow rate was 
3.8 ± 1.1 ´ 10-4 kg s-1. The funnel was located 30 mm above the liquid surface and using 
water/ethanol mixtures. These results will be presented in dimensionless form in Figure 3.13.  
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Figure 3.9 shows a linear relationship between the maximum stack depth, h* and the 
maximum stack mass, m* for grains of different densities and sizes. 
 
Figure 3.9: Maximum stack mass, m* as a function of maximum depth of a granular stack, h*, for 
grains of different sizes and densities. Blue symbols indicate stacks that detach with lump formation 
and green symbols indicate conditions leading to grain dispersion. The inset shows images of stacks 
with similar h* but formed with grains of different densities. The average mass flow rate was 3.8 ± 
1.1 ´ 10-4 kg s-1. The funnel was located 30 mm above the liquid surface and using water/ethanol 
mixtures.  
It is important to note that the stacks formed from different density grains have different 
shapes. As shown in the inset in Figure 3.9, the shape of stacks formed with PMMA (lowest 
density) always involves a large stack above the liquid surface, the stack formed with glass 
(intermediate density) are hemispherical in shape, and for ZY-S (highest density), the stack 
produced is more circular in shape. In fact, apart from the maximum stack depth, the present 
study does not consider the detailed shapes of the stacks and their height above the liquid 
surface. This helps to explain why, for a given h*, the m* was found to decrease as the 
density of grain increases. Also, at a given h*, the stacks formed with different density grain 
have different contact angles.  Although the density of ZY-S is six times higher than the 
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PMMA, when the contact angle of ZY-S is above 90°  it is still possible to form the stack 
and achieve comparable h* to the stack formed with PMMA (θ = 77°). However, the 
perimeter of the ZY-S stacks are much smaller than found for PMMA. 
 Varying the kinetic energy of the grains impacting the interface 
The effect of the grain mass flow rates on the size limits of the assemblies before stacks 
experience wicking is discussed in this section. With the condition of Mf = 0.12, the contact 
angles of PMMA (d50 = 0.497 and 0.907 mm) were θ = 91 	±  0.9 °  and 88 	±  3.8 ° , 
respectively. 
Figure 3.10 shows that the maximum depth of PMMA stacks increases with increasing 
mass flow rate.  
 
Figure 3.10: The dependence of the maximum depth of PMMA stacks, h* on the grain mass flow 
rate, dm/dt, for different grain diameters, d50 (indicated on the plot). Different funnel orifice 
diameters, dO were used to obtain the different mass flow rates. The funnels were located (dH = 30 
mm) above the undisturbed liquid surface. 
By just considering wicking, this can be explained by considering that the timescale 
required to deposit successive layers of grains is faster than the timescale for liquid to 
spontaneously wick into the granular stack pores. However, this explanation tends to 
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014
8
10
12
14
16
18
20
22
 0.497 mm, PMMA
 0.907 mm, PMMA
M
ax
im
um
 d
ep
th
 o
f s
ta
ck
, h
* 
(m
m
)
Mass flow rate of grains, dm/dt (kg/s)
Chapter 3 
Page | 72 
contradict the results shown in Figure 3.7, which suggest that the stability of stacks was not 
dependent on the liquid viscosity. 
 Formation of a dry granular jet 
Grains also give rise to dry jets, by encapsulating air when poured continuously at high 
flow rate onto a liquid surface, as shown in Figure 3.6 e. This section aims to determine 
experimentally the conditions leading to dry jet formation that hinders grain wetting and 
dispersion into the liquid.  
By varying the mass flow rate, dm/dt, of grains poured onto a liquid interface and the height 
of the orifice above the undisturbed liquid surface, dH, two different scenarios were 
observed. For small values of dH and/or dm/dt, the stacks were found to grow, while when 
either or both of these values are high, continuous dry granular jets are formed. Figure 3.11 
indicates that the transition from a stack to a granular jet occurred at different values of dH 
when dm/dt is varied, with jets being formed with increasing dH.  
 
Figure 3.11: The formation of stacks (filled symbols) or jets (open symbols) as a function of both 
the height of the orifice above an undisturbed liquid surface and the grain mass flow rate for d50 
=0.266 mm glass grains, θ = 80 ± 1.4 °. These results will be presented in dimensionless form in 
Figure 3.14. 
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This suggests that neither dH nor dm/dt alone can explain the formation of dry granular jets, 
and a theoretical interpretation will be provided in section 3.4.3. 
 Discussion 
The above results indicate that the stability of an assembly of granular stack on a liquid 
surface is governed by a number of critical factors, and the fate of the grains can be 
dispersion, formation of a lump, or formation of a dry granular jet. The important factors 
identified herein include the wettability of the grains, grain size, and the energy of the grains 
delivered to the surface, largely governed by the mass flow rate of grains. 
 Grain dispersion versus stack formation 
As shown in Figure 3.7, the maximum stack depth h* was observed to increase more or less 
linearly with θ, for high contact angles. The results obtained for the 0.082 mm grains are 
comparable with the experimental results by Raux et al. [2] who focused on smaller contact 
angles and only observed wicking, as shown in the red dashed line in Figure 3.7. As 
discussed above, in the present study the kinetic energy of the grains impacting the liquid 
surface triggered wicking for higher contact angles than the critical contact angle (18∗) 
observed by Raux et al. [2]. 
The results obtained using larger grains indicated that only smaller stacks were formed, an 
observation that is also consistent with the theory for wicking in a powder [2], because 
grains larger than the capillary length of the system deform the interface, increasing the 
meniscus curvature, facilitating wicking and limiting the stack depth.  
Therefore, whether the stack will wick or sink is dictated by two main conditions - the 
maximum depth of the stack to undergo wicking, h*, and the maximum number of grains 
for the stability of the stack, N*. Whichever condition is met first will dictate the fate of the 
stack.  
In the literature, the ratio T =	-./-G has been used to characterise the behaviour of rafts 
and stacks at a liquid interface [14,64,65]. It is interesting to note that the shapes of stacks 
constructed from PMMA grains (Figure 3.6 a) always involves a large pile above the liquid 
surface. As a result of a lower grain density than the other types of grain studied, stacks 
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formed with PMMA grains only experience wicking, even though the PMMA grain density 
is greater than the liquid density (-. > -G). It is therefore suggested by the present results 
that the relevant density to be compared to the liquid density to predict whether a stack 
sinks or not is the bulk density, rather than the grain density. Indeed, the PMMA grains 
used have a bulk density lower than the liquid density (-/ < -G), which prevents stacks 
from detaching and forming lumps similar to glass grains (Figure 3.6 c and d). 
For grains of comparable size, PMMA formed stacks that are, in absolute terms, larger than 
for glass. Normalizing the maximum depth of the stacks by the capillary length in the liquid 
and V-//-G	 leads to Figure 3.12 for PMMA, glass and ZY-S grains as a function of 
contact angle.   
 
Figure 3.12: Normalised maximum height of the granular stacks (ℎ∗ X⁄ )(V-//-G) as a function of 
contact angle θ for PMMA and glass of different grain sizes (indicated on the plot). Blue symbols 
indicate stacks that detach leading to lump formation and green symbols indicate conditions 
leading to grain dispersion. The average mass flow rate was 3.8 ± 1.1 ´ 10-4 kg s-1. The funnel was 
located 30 mm above the liquid surface and using water/ethanol mixtures.  
When the respective capillary lengths are taken into account, the normalised data are seen 
to become similar. These results therefore suggest that the maximum depth of the stacks 
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scales approximately as -ZOS/E, i.e. a four-fold increase in grain density is expected to halve 
the maximum stack depth.  
Figure 3.12 shows also that the normalised depth of stack increases with increasing contact 
angle until it reaches 90 °. When the contact angle is higher than 90 °, the normalised 
maximum depth of the stacks does not depend on the contact angle. Instead, the change in 
the maximum depth of stacks for contact angles higher than 90 ° observed in Figure 3.7 is 
caused by the changes in liquid/air surface tension and capillary length that result from 
using different water/ethanol mixtures. 
 Maximum number of grains for detachment or wicking 
The results presented in Figure 3.7 can be interpreted by normalising the mass of grains 
poured to create the stacks by the mass of a single grain, obtaining the maximum number 
of grains present just before detachment or wicking. The relative importance of buoyancy 
and surface tension acting on the grains can be captured by the Bond number, [\ =(-G)Q]E/g.  
Figure 3.13 shows (in blue) the maximum number of grains :∗  in stacks undergoing 
detachment and forming dry lumps, plotted against Bo. The stacks were prepared from 
glass and ZY-S with different grain sizes. Surface tension and liquid density were varied 
by changing the ethanol mass fraction. It can be seen that the maximum number of glass 
grains, :∗, decreases strongly when the grain size increases from d50 = 0.082 mm up to d50 
= 1.158 mm. When the glass granular stacks sink, forming lumps, :∗ scales roughly as :∗ = P	[\OS.^E, with P_`aZZ ≈ 5.34, as the solid black fitting line demonstrates. Also, the 
ZY-S granular stacks sink forming lumps, with :∗ scaling roughly in the same way, with PefO. ≈ 0.17, shown by the dashed black fitting line. The different grain densities and 
sizes considered in this study show the robustness of this scaling over several decades of 
Bo, in a much wider range than the range considered by Jones et al. [64], who considered 
two liquid phases and obtained a scaling :∗ = P	[\OS.h8, PijklZ ≈ 3.1. The higher density 
of ZY-S reduces :∗ strongly, as demonstrate by the ratio P_`aZZ/PefO. ≈ 31. Conversely, 
the effect of contact angle on :∗	is very minor and is not discussed here for brevity.  
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Figure 3.13: The dependence of the number of grains N on the Bond number Bo. The blue symbols 
represent the maximum number of grains before the detachment of stacks occurs. The green 
symbols represent the maximum number of grains before wicking is observed, leading to the 
sedimentation of grains from the stacks. The average mass flow rate was 3.8 ± 1.1 ´ 10-4 kg s-1. The 
funnel was located 30 mm above the liquid surface and using water/ethanol mixtures.  
Figure 3.13 also shows (in green) the maximum number of grains :; in stacks undergoing 
wicking, leading to wetted grains dispersing in the liquid. For a given Bo, when the liquid 
wicks into the stack pores, allowing the dispersion of grains, the number of grains in the 
stacks (:;) is lower than the maximum number that would induce the detachment of the 
stack (:∗). As shown in Figure 3.13, the curves for wicking were observed to move towards 
lower :;, when the density of the grains is higher. 
For glass grains with d50 = 0.606 mm, wicking occurs when θ < 83 °. This corresponds to 
reaching condition : = :; < :∗. When θ = 73 °, the stacks built from glass grains of 
sizes d50 = 0.606 (Bo = 2.22 x 10-2) and 0.266 mm (Bo = 4.41 x 10-3) both experience 
wicking. However, for d50 = 0.082 mm (Bo = 4.19 x 10-4), :∗ < :; and a stack reaches 
the limit for lump formation before the limit for wicking.  
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For a given grain size, using a liquid with a higher surface tension decreases Bo and leads 
to an increase in :∗ and :;. It is important to observe that the contact angle and surface 
tension are both changed simultaneously in our system. The dashed green lines in Figure 
3.13 connect values of :; obtained with different grain sizes and similar contact angles 
and show that :;	increases with increasing contact angle. This dependence is stronger 
when the contact angle is lower than 90 ° and weaker when above 90 ° (blue points).  
The dashed green lines show that :;	scales with Bo roughly with the exponent -2.0 for 
both glass and ZY-S grains and -3.0 for PMMA grains. Such a dependence is stronger than 
the dependence of :∗ scaling exponent (-1.82) and this leads to the identification of two 
regimes. For any contact angle above 18∗ (shown in Table 3.3), there exists a critical Bond 
number [\∗ such that when [\ > [\∗, wicking and grain dispersion occur for a smaller 
number of grains than the detachment of the granular stack (:; < :∗). Therefore, by 
progressively pouring grains onto a liquid surface, the number of grains leading to wicking (:;) will be reached and grains will be wetted without forming lumps.  [\∗ corresponds to a critical grain size above which grain disperse. From Figure 3.13, it is 
possible to obtain the dependence of Bo* on 1 for glass grains when the dashed green lines 
at specific contact angle intersects with the solid black fitting line. Table 3.4 shows that the 
critical Bond number, [\∗, increases when the contact angle 1 increases.  
Table 3.4: Critical Bond number [\∗ beyond which wicking occurs with glass grains of varying 
contact angle 1	(°)	 [\∗ 
70 3 x 10-4 
73 4 x 10-4 
77 2 x 10-3 
83 4 x 10-3 
Given the quadratic dependence of Bo on the grain size, increasing the grain size is an 
effective way to exceed Bo* and promote grain dispersion and avoid lumps. Increasing the 
grain contact angle from 70 °  to 83 ° , thus requires increasing the grain radius R by 
approximately 3.3 times, to obtain dispersion in a given liquid. To a lesser extent, this 
favourable situation can also be promoted by decreasing the surface tension to increase Bo.  
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 Theoretical interpretation of a dry granular jet  
The theoretical framework proposed by Lagubeau [55] was extended in this study and 
compared to the experimental results presented in section 3.3.6. 
Gravity accelerates the grains falling out of a funnel and the mechanical power that a 
granular jet can deliver can be expressed as: 
 mnomp = m=mp qE2 = m=mp Qmr (3.2) 
where V is the impact velocity of  grains onto the liquid surface [55]. Assuming that the jet 
diameter is equal to the orifice diameter and that all the grains remain in the air phase, the 
power needed to create the jet interface depends on the surface created per unit time, i.e.,  
 
mnGmp = q(@ms)0 (3.3) 
where nG  is the energy of the air-liquid interface created by the jet. 
In all cases, where the grains are at least partially wetted by the liquid, the total energy 
stored in the jet interface (ES) should be more realistically calculated by considering the 
energy of the newly-formed solid-liquid interface, n.G , i.e., 
 
mn.mti = mnGmti + mn.Gmti  (3.4) 
Assuming that the grains pack on the air-liquid interface with a volume fraction ∅Z, then:  
 
BwxBy = 	q BwzB.{ B.{BG{ = q(@ms)0(1 − ∅Z − 2∅Z}\R1 − ∅Z}\RE1) (3.5) 
Assuming 1 = 90	°, then eq. 3.5 can be simplified to give: 
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mn.mp = q(@ms)0(1 − ∅Z) (3.6) 
Therefore, the ratio of the kinetic energy of the grains and the surface energy needed to 
create the jet can be expressed as:  
 mnomn. = m=mp V2Qmr20@ms(1 − ∅Z) (3.7) 
Lagubeau [55] proposed that in order to build a stack at the air-liquid interface, the ratio of 
dEK/dES should be below unity and that, above unity, a dry jet forms. The present analysis 
retains the same criterion, although it is proposed that a slightly different expression for 
dEK/dES is used that accounts for the presence of grains at the jet interface. 
In Figure 3.14, the energy ratio is computed using eq. 3.7 for all experiments performed by 
pouring PMMA and glass grains of different sizes from funnels having orifice diameters 
varying in the range (dO = 1, 1.5, 2, 3, 4, 5, 7 and 10 mm) and different heights above the 
liquid surface (dH = 20, 30, 50 and 100 mm). The grain impact velocity and the total flow 
rate of the grains were therefore varied independently.  
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Figure 3.14: The ratio dEK/dES as a function of grain mass flow rate for different -Z  and d50 
(indicated in the legend). The results from the numerical solution are denoted by symbols depending 
on whether granular jets (open shapes) or stacks (filled shapes) are formed. A dashed line that 
separates jets and stacks based on the ratio of dEK/dES is guide to the eye. Both dH and dO are varied 
in order to achieve variation of mass flow rate. The contact angles of the grains were in the range 
89 ± 1.4 ° to 97 ± 1.4 °.  
Experiments were carried using two different ethanol mass fractions of 0 (i.e., DI water) 
and 0.12. The contact angles were maintained at 82 ± 1.1 ° and 97 ± 1.4 ° with the liquid 
surface tensions of 72.2 and 47.0 mN m-1, respectively. The empty symbols indicate the 
conditions leading to the formation of a dry granular jet, entrapping air and hindering grain 
dispersion and the filled symbols indicate the formation of a granular stack. It can be seen 
that dEK/dES = 1 slightly underestimates the transition between the two scenarios, that 
occurs when dEK/dES ≈ 1.25. 
It is interesting to highlight that the formation of dry granular jets is not limited to grains 
having a contact angle higher than or close to 90 °. The sequence (e) in Figure 3.6 illustrates 
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the formation of a dry granular jet obtained with d50 = 0.266 mm and θ = 80 ± 1.4 °. Eq. 
3.5 suggests that for ∅Z=0.64 an energetic barrier to the formation of a granular jet exists 
only if θ > 76 °. However, a quantitative validation of these conditions is, beyond the scope 
of this study. 
 Conclusions 
The behaviour of grains poured continuously from a funnel onto a static air-liquid interface 
was studied experimentally. Depending on grain size, density and contact angle and liquid 
surface tension, granular stacks were observed to experience wicking, resulting in grain 
dispersion or to create dry lumps, detaching from the interface.  
When θ ≤ 18∗, the interface is only able to support a granular raft, while when θ > 18∗, grains 
are poured continuously, until either individual grains disperse into the liquid or the whole 
stack sinks. The critical contact angles, 18∗, found in this study were higher than the value 
of 51° [2], owing to the kinetic energy of the grains promoting wicking into the pores within 
grains. 
The stack size depended on the contact angle and the grain size. The maximum depth of 
the stacks, h*, increased with the contact angle for all the grain sizes, and also increased 
strongly when the grain size decreased from 1.158 to 0.082 mm. It is interesting to observe 
that when the contact angle q > 90 °, the change in h* is caused by a change in capillary 
length.  
Another important dimensionless number that can be used to interpret our results is the 
Bond number, [\ = (-G)Q]E/g . The Bond number compares buoyancy and surface 
tension effects acting on the grains. The occurrence of the wicking and stack detachment 
regimes can be interpreted based on the number of grains in the stack, the contact angle and 
Bond number characterising the system. The experimental scaling with the Bond numbers 
is discussed in the light of theoretical analysis: 
a. The detachment of granular stacks follow the scaling relationship :∗ = P	[\OS.^E. 
The maximum number of grains, :∗ , decreases strongly when the grain size 
increases. Conversely, the effect of contact angle on :∗	is very minor.  
Chapter 3 
Page | 82 
b. For a given Bo, wicking occurs when :; < :∗. :;	scales with Bo roughly with 
the exponent -2.0 for both glass and ZY-S grains and -3.0 for PMMA grains The 
dependence of :; on contact angle is stronger when the contact angle is lower 
than 90°, and weaker above 90°. 
Moreover, this study highlights the crucial role of grain mass flow rates in the formation of 
granular stacks. Dry granular jets are formed when both θ and the kinetic energy of grains 
are sufficiently high, dEK/dES > 1.25, slightly higher than the theoretical unit. 
These results provide a quantitative understanding of the behaviour of grains poured on a 
liquid surface, paving the way to improving our understanding of the conditions for powder 
dispersion used in many industrial applications.
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Effect of liquid flow on the dispersion of insoluble 
powders 
 Introduction 
It has been shown that the creation of a vortex in a stirred vessel greatly improves powder 
wetting [12,66]. However, good powder dispersion is not always guaranteed [9]. The study 
presents in this chapter considers (i) what happens to a stack of insoluble grains floating on 
the liquid surface when agitation is initiated, and (ii) the behaviour of grains when they 
poured on the surface during agitation. The influence on stack formation of grain size, 
density, contact angle, surface tension and liquid flow field has been considered. 
Experiments are reported and preliminary particle image velocimetry (PIV) analysis is used 
to describe qualitatively the flow field.  
 Experimental 
 Materials and methods 
Two types of grains were used in this study: glass beads and PMMA (refer to Chapter 3, 
Table 3.1 for physical properties). Similar to Chapter 3, water-ethanol mixtures of varying 
composition (expressed as mass fraction of ethanol, Mf) were used as the liquid phases. 
A purpose-built flow cell was delivered to investigate how the liquid flow affects the 
stability of rafts and stacks forming at the air-liquid interface. This device consists of a 
motor which causes two impellers to counter rotate within the agitation chamber, as shown 
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in Figure 3.1. The dimensions of the flow cell and the glass cell used in Chapter 3 are 
summarised in Table 4.1. The rotational speed of the impellers can be set by the controller 
and they can be rotated in either centre-down or centre-up modes (refer to the right hand 
side of Figure 3.1). A rotational speed,  , of 5.0 rev sec-1 was used throughout the 
experiments and a tip speed of 0.63 ms-1, the corresponding Reynolds number, Re, is 8000. 
Below a speed of 5.0 rev sec-1, minimal deformation of the air-liquid surface is observed, 
whereas at higher speeds, bubble entrainment within the system is observed.  
 
Figure 4.1: Experimental set-up to quantify the dispersion of insoluble powder in the flow cell. 
Table 4.1: Dimensions of the flow cell and the glass cell used in Chapter 3. 
Cell Flow cell Glass cell- static (Chapter 3) 
Cell diameter, DT 10.0 cm 11.0 
Cell width, wc 2.2 cm  8.0 
Height of liquid from the 
centre of the impellers, HL 
4.0 cm - 
Distance of the centre 
impeller to the cell wall, DI 
4.5 cm - 
Impeller diameter, dI 4.0 cm - 
Impeller width, wI 2.0 cm - 
Aspect ratio, DT /wc (flow 
cell) 
4.55 1.38 
Under the condition θ > θ*, two different procedures were followed to form a stack:  
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1. Stability of a pre-existing stack. A cone with orifice diameter, dO = 3 mm located 30 mm 
above the undisturbed liquid surface was used. The maximum depth of stack, h* (as shown 
in Figure 4.2 a) is measured from the undisturbed liquid surface. Agitation was then started. 
For stacks that detached from the interface, it was decided to pour 5 % less grains than the 
maximum stack mass, m*, and then turn on the agitation to observe how these existing 
stacks behaved during agitation.  
2. Effect of liquid flow on stack formation. Grains were then poured continuously onto the 
liquid under agitation with different orifice diameters. The mass flow rate of grains was 
calibrated to obtain a value close to the targeted value, dm/dt = 0.0005 kg s-1. The maximum 
depth of the stacks, h* is taken from the interface level. The stack detachment time, t*, was 
also recorded.  
 
Figure 4.2: Comparison between the dispersion of grains poured onto (a) a static air-liquid 
interface, and (b) a moving liquid surface. When the contact angle θ is greater than the critical 
contact angle 18∗, the grains were observed to form a stack in both situations.   
In both situations the growth and evolution of the stack was recorded. Each experiment was 
repeated at least 3 times.  
 PIV analysis 
Particle Image Velocimetry (PIV) is an optical and non-intrusive technique to measure the 
instantaneous velocity in a flow. PIV can be used for qualitative flow visualisation and 
quantitative analysis of the fluid velocity distribution.  
Two-dimensional PIV measures the mapping of average displacements of groups of tracer 
grains over a short time interval in a fluid flow by comparing two successive images of one 
illuminated plane recorded at p8 and p8 + ∆p [187]. The velocities can then computed from ∆p  and the distance that the grains travelled from image A to B, known as grain 
displacement.  
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In this type of experiment, the flow has to be seeded with tracer grains which must have a 
similar density to the fluid, in order to obtain avoid buoyancy and inertial effects [188]. 
Due to the limitation of the camera resolution, large pellets made of microcrystalline 
cellulose (Cellets® 1000, from PHARMATRANS SANAQ AG, Swizerland) were used in 
this study. The Cellets® diameter, d50, is 1.238 mm and density, -., is 1372 kg m-3. Two 
LED panels were positioned on the top and sides of the flow cell. A Basler camera with a 
resolution of 2.3 Mpixels (acA1929-155 µm) was positioned in front of the flow cell to 
record the movement of the Cellets® 1000 grains at 150 fps and 0.5 ms exposure time. 
The MATLAB based PIVlab GUI tool from was used for image analysis and the steps 
involved were:  
i. Selection of interrogation areas (IA). 
ii. Correlation analysis. 
iii. Finding the displacement peak. 
iv. Calculating the velocity vector. 
v. Repeating for the next set of interrogation areas.  
The images are divided into small subsections called interrogation areas (IA). The most 
sensitive part of the PIV analysis is cross-correlation. The interrogation areas of image pairs 
are then cross-correlated with each other, pixel by pixel, to derive the most probably grain 
displacement within the interrogation areas. The displacement bias arising due to the in-
plane loss of pairs occurs when the IA size is small or numerous spatial averaging when 
the IA size is large. The statistical pattern matching technique is implemented in the 
literature [187–189] with the discrete cross-correlation function [190]:  
 Å(=, É) = Ñ Ñ Ö(Ü, á)[(Ü + =, á + É)àâäàâOäãâäãâOä  (4.1) 
where A and B are corresponding interrogation areas from image A and B, Ö(Ü, á) is the 
function that describes the light intensity within the interrogation area with the pixel 
coordinates (Ü, á) at time p8, and [(Ü + =, á + É) is the light intensity function for a pixel 
at coordinates (Ü + =, á + É) at time p8 + ∆p. The location of a displacement peak in the 
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resulting correlation matrix C gives the mean displacement of the grains from A to B. Direct 
Cross-correlation (DCC) was used to solve eq. 4.1. 
Table 4.2 summarises the parameters used in the PIVlab analysis. 200 images were 
converted to masks in ImageJ, then imported into PIVlab with 1-2, 2-3 and 3-4 subsequent 
images.  
Table 4.2: Parameters used in PIVlab and Pylon Viewer.   
Analysis settings   
Enable CLAHE Window size (px) 20 
PIV algorithm  DCC 
Interrogation area (px) 64 
Step 32 
Number of grains in each interrogation 
area 
5-8 
Calibration   
Distance (mm) from impeller 40 
Time step (ms) 6.67 
 Results and Discussion 
 Stability of a pre-existing stacks 
The water-ethanol mixtures (mass fraction of ethanol, Mf) used in this study were 0.12 and 
0.27. Table 4.3 summarises the contact angles measured experimentally at different Mf for 
different grain densities and sizes.  
Table 4.3: Contact angle 1 of the grains at different Mf = 0.12 and 0.27.  
Material and 
d50 (mm) 
1	(°) at  
Mf = 0.12 Mf = 0.27 
 
Density, -. 
(kg m-3) 
Bulk density, -/  
(kg m-3) 
PMMA, 0.907 88 ±	3.8 77 ±	2.2 
 
1200 750 
PMMA, 0.497 91 ±	0.9 77 ±	3.7 
 
1170 695 
Glass, 0.266 90 ±	1.4 72 ±	1.5 
 
2497 1550 
Glass, 0.082 91 ±	2.0 74 ±	0.6 
 
2490 1530 
As shown in Table 4.1, the aspect ratio (D/wc) of the flow cell used in the current chapter 
is approximately four times larger than the static cell used in Chapter 3. Figure 4.3 shows 
(empty symbols) the maximum number of grains in stacks undergoing wicking or stack 
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detachment in the glass cell and (filled symbols) and in the flow cell, are plotted against 
Bo.  
 
Figure 4.3: The dependence of the number of grains N on the Bond number, Bo. Filled symbols 
represent the maximum number of grains in the static cell and empty symbols represent the 
maximum number of grains in the flow cell, before either wicking or stack detachment occurs. All 
grains were poured continuously from a height of 30 mm onto the liquid surface with an average 
mass flow rate of 0.0003 kg s-1. 
The stacks were produced with PMMA and glass grains of different sizes. Surface tension 
and liquid density were varied by changing the ethanol mass fraction, Mf = 0.12 and 0.27, 
which corresponds to 1 ≈ 90	°	and	75	° , respectively. Without the liquid flow, the 
maximum number of grains, N* or NW, in the flow cell was always observed to be larger 
than the static cell for a given Bo. This difference can be explained considering that a larger 
number of grains can be supported thanks to the friction between the grains and the wall of 
the flow cell. This can be explained by the Janssen’s theory [191] related to the stress field 
of the grains close to the side walls of the flow cell. Unlike N* or NW, the maximum depth 
of stack, h* obtained in two different cells are comparable.   
The observed phenomena during the agitation is illustrated in Figure 4.4. Waves were 
initially generated at the interface, which caused the deformation of the interface and the 
erosion of the pre-existing stacks.  
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When Mf = 0.12, the wettability of the grains was predominantly hydrophobic (1 ≈ 90	°), 
the stacks formed with PMMA grains were always found to experience wicking when the 
agitation was thus started. The dispersion of grains into the liquid upon impacting the 
interface was favoured by the liquid flow and was initially able to overcome the local 
energy barriers. However, instead of liquid progressively wicking into the pores, the liquid 
flow can lead to perturbation of the stacks, which compromises the equilibrium leading to 
stack detachment from the interface as a lump.  
It was also found that for stacks formed with smaller grains and higher density, both sides 
of the raft progressively contracted towards the stack when agitation was started. As shown 
in Figure 4.4 a (blue arrow - 3rd row and 3rd image of the stack formed with glass d50 = 
0.082 mm), detachment occurs when both contact lines merges above the stack. Hence, the 
liquid flow does not promote dispersion of small grains with high density.  
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Figure 4.4: (a) Images of three different stacks detaching from the interface during agitation at Mf 
= 0.12. (b) Images of two different stacks experiencing wicking and grains dispersion during 
agitation at Mf = 0.27. Centre-down direction. 
When Mf  = 0.27, which corresponds to 1 ≈ 75	°, the stacks formed with PMMA grains 
were relatively small and experienced wicking throughout the whole agitation process (as 
shown in Figure 4.4 b ) until the stacks disperse; no detachment of stack was observed. On 
the contrary, with smaller grains and higher grain density, the stacks experienced wicking 
followed by detachment. Similarly to Chapter 3, stack detachment can also occur with 
grains with a contact angle as low as 75° and high density.  
The maximum depth of a granular stack, h*, the maximum stack mass, m* and the time t* 
required to detach the pre-existing stacks from the interface during centre-down rotation 
when 1 ≈ 90	° for grains of different sizes and densities are shown in Figure 4.5. For both 
PMMA and glass grains, h* and m* were observed to increase with 1.  
When 1 ≈ 90	°, m* for 0.497 mm PMMA grains was more than twice as high than that for 
0.907 mm PMMA, and the stack detachment time, t* during agitation for pre-existing stack 
formed with 0.497 mm PMMA was approximately seven times higher than the pre-existing 
stack formed with 0.907 mm PMMA. There was no significant difference in the stack 
detachment time for pre-existing stacks formed with glass when the grain size decreased 
from 0.266 to 0.082 mm and both stacks did not experience wicking as soon as the agitation 
started. 
This section shows that, neither large grain size nor high grain density promote grain 
dispersion for the pre-existing stacks. The stack detachment as a lump during agitation can 
only be avoided by using low surface tension liquids, wetting with grains with low contact 
angle. 
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Figure 4.5: Effect of the grains properties (grain size, density and contact angle) on (a) the 
maximum depth of a granular stack, h*, and (b) the maximum stack mass, m*, for grains of different 
sizes and densities during the centre-down rotation. Blue columns indicate stacks that detach 
leading to lump formation; light blue columns indicate stacks experience wicking initially followed 
by detachment; and green columns indicate conditions leading to grain dispersion. The second y-
axis shows the time required to detach the pre-existing stack from the interface. All grains were 
poured continuously with an average mass flow rate of 0.0003 kg s-1 and located 30 mm above the 
liquid surface. 
 
Chapter 4 
Page | 92 
Table 4.4 shows that the time required to detach the stack from the interface, t* in centre-
down rotation is about a third of the time needed in centre-up rotation.  
As shown in Figure 4.6 , when the rotation direction is centre-up, the bottom of the stack 
is flat and not hemispherical as in centre-down rotation. This is due to the liquid flow 
inducing spontaneous wicking into the granular stack pores, allowing the grains to become 
wetted and gradually dispersed. Instead of the whole stack detaching from the interface, the 
stack then split into two parts, increasing the contact time of the grains with the liquid, 
promoting grain dispersion until the stacks became destabilised and detached as small 
lumps from the interface. This explains why the time required for whole stack detachment 
in the centre-up rotation was longer than the centre-down rotation. 
Table 4.4: Effect of impeller direction on the existing stack formed with PMMA at Mf = 0.12. 
PMMA, mh8	(mm)  
 
Direction of 
the impellers 
Stack detachment time, 
t* (s) 
0.907 Centre-down 50 ± 4 
0.907 Centre-up 161 ± 10 
 
Figure 4.6: Direction of the impellers rotating centre-down or centre-up. Images of two different 
pre-existing stacks formed with PMMA, d50 = 0.907 mm detach from the interface during agitation 
at Mf = 0.12.  
 Effect of liquid flow on stack formation  
When 1 ≈ 70	°, which corresponds to Mf = 0.27, grains do not form a stack during the 
agitation process, and instead, the grains cross the interface and disperse individually. 
Conversely, when Mf was in the range 0 and 0.12, and the grain contact angle was 1 ≥ 90	°. 
Figure 4.7 shows the mechanisms limiting the growth of the stacks when the rotating 
directions are centre-down and centre-up. As shown in Figure 4.7, as soon as the PMMA 
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grains are added continuously onto the liquid under agitation, some grains passed straight 
through the surface and dispersed in the liquid, while some grains initially spread out to 
form a raft, rapidly accumulating at the centre of the cell to create a stack. In the meantime, 
grains at the bottom of the stack were found to experience wicking during stack formation. 
On the other hand, glass grains with large grain sizes (d50 = 0.606 and 1.158 mm) disperse 
individually as soon as they added to the liquid surface, whereas small grain sizes only 
produce rafts and relatively small stacks.  
 
Figure 4.7: Images of six different stacks formation during centre-down and centre-up rotations 
when the contact angles are higher than 90 °. 
Also, the stacks formed during agitation from different density and size grains have 
different shapes, despite the fact that their contact angles are comparable and close to 90°. 
For example, the shape of stacks formed with PMMA (d50 = 0.497 mm) in both centre-
down and centre-up rotations always involves an elongated pile above the liquid surface, 
whereas for glass (d50 = 0.266 mm), their stacks are more circular in shape.  
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Figure 4.8 shows the maximum depth and mass of the stacks, up to the points of wicking 
or stack detachment were observed. Indeed, the waves generated by the liquid flow promote 
the wetting and sinking of the grains. When this occurs, the meniscus loses its axisymmetry, 
the contact line is no longer at equilibrium [43], and the liquid will move into the void of 
the stack. As a result of grain bulk density being lower than the liquid density, the formation 
of stacks from PMMA is possible even during the agitation (both centre-down and centre-
up rotations). Unlike in section 4.3.1, with the assistance of liquid flow, glass grains with 
higher density tend to disperse instead of being retained at the interface. 
By comparing the stacks formed with PMMA grains (d50 = 0.497 or 0.907 mm) with 1 =91	° in Figure 4.5 a and Figure 4.8 a, it was observed that the maximum depth of stacks 
formed during the centre-down rotation is comparable to the pre-existing stacks formed 
before the agitation (centre-down rotation). Although h* in both systems is similar, the 
shape of the stacks is completely different (as shown in and Figure 4.4 and Figure 4.7), 
which explains the lower maximum stack mass, m* and shorter stack detachment time, t* 
obtained during agitation. 
By comparing the stacks formed with glass grains (d50 = 0.266 mm) in Figure 4.5 a and 
Figure 4.8 a where the wettability of the grains was predominantly hydrophobic, it was 
observed that the maximum depth of stacks formed during the centre-down rotation is 
negligible, whereas h* = 15 mm for the pre-existing stacks formed before the agitation 
(centre-down rotation). Hence, the liquid flow does have a positive impact on the dispersion 
of small grains with high density. 
By comparing the stacks formed with PMMA (d50 = 0.497 mm), when the contact angle 
increased from 91	° to 95	°, there was a significant difference in both h* and m*. When	1 =95	°, no stack detachment was observed during the centre-up rotation, and instead, the stack 
experienced throughout the whole process. However, owing to limited grains availability 
and the flow cell dimension, only 20 g of grains were used in each experiment. 
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Figure 4.8: Effect of different rotating directions of the impellers (centre-down and centre-up) on 
(a) the maximum stack depth, h*, and (b) the maximum stack mass, m* for grains of different sizes 
and densities. Blue columns indicate stacks that detach leading to lump formation, light blue 
columns indicate stacks experience wicking initially followed by the detachment and green columns 
indicate conditions leading to grain dispersion. The second y-axis is the time required to detach the 
stack from the interface, t*. All grains were poured continuously with a mass flow rate of 0.0005 kg 
s-1 and located 30 mm above the liquid surface. Green triangles located at the top of the histogram 
bar indicate the value was over the experiment limitation. 
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When	1 = 91	°, for a given PMMA grain size (as shown in Figure 4.8), the difference in 
the maximum stack depth, h* and the maximum stack mass, m* were negligible even when 
the rotating direction were varied. For example, within experimental errors, h* and m* for 
PMMA (d50 = 0.497 mm) in both centre-down and centre-up rotations were comparable, 
whereas there was a significant difference in the stack detachment time, t*.  
The right y-axis in Figure 4.8 a compares the stack detachment time, t*, in both centre-down 
and centre-up rotations. The stacks in the centre-up rotation always took longer to detach 
from the interface as compared to the centre-down rotation. The stacks formed during the 
centre-up rotation always broke into several pieces, experiencing wicking and detaching as 
small lumps throughout the whole process. 
The results presented in Figure 4.8 b can be interpreted by normalising the mass of grains 
used to create the stacks by the mass of a single grain, providing the maximum number of 
grains present just before detachment or wicking. Similar to Chapter 3 (section 3.4.3), 
Figure 4.9 shows the relationship between the maximum number grains in the stack (NW or 
N*) and the Bond number.  
Figure 4.9 shows (in green) the maximum number of grains :;  in stacks undergoing 
wicking, leading to wetted grains dispersing in the static liquid. With the condition of stack 
formation during the agitation, Figure 4.9 shows (in blue) the maximum number of grains :∗ in stacks undergoing detachment and forming dry lumps, plotted against Bo. The stacks 
were prepared with PMMA with different grain sizes and similar contact angle (1 = 91	°). 
We observe that the maximum number of PMMA grains, :∗, decreases when the grain size 
increases from d50 = 0.497 mm up to d50 = 0.907 mm. For a given Bo, the maximum number 
that would induce the detachment of the stack (:∗) in centre down rotation is always 
slightly lower than the centre-up rotation. This will be discussed further in section 4.3.3. 
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Figure 4.9: The dependence of the maximum number of grains N on the Bond number, Bo. The blue 
symbols represent the maximum number of grains before the detachment of stacks occurs. The 
green symbols represent the maximum number of grains before wicking is observed, leading to the 
sedimentation of grains from the stacks. All grains (1 = 91 °) were poured continuously with the 
mass flow rate of 0.0005 kg s-1 and the funnel located 30 mm above the liquid surface. 
The present results explain why introducing liquid flow might not necessarily be an 
effective way to promote dispersion for grains with lower density. The stacks detach from 
the interface as lumps even when they form during the agitation. These results are similar 
to the previous results shown in section 4.3.1, for the stability of pre-existing stacks during 
agitation. To a lesser extent, grain dispersion during stack formation under agitation 
conditions can be promoted by using low surface tension liquids or grains with high density. 
 PIV analysis (centre-down versus centre-up rotations) 
The observations above highlighted the importance of the liquid flow field on the stability 
of stacks during agitation. PIV analysis can help in explaining how the flow field in 
different rotating directions affects the stability of stacks. 
DCC was performed using PIVlab and vectors are generated for each image pair. An 
example is provided in Figure 4.10. The red arrows represent the instantaneous velocity 
vectors. The PIVlab algorithm [192] was used to remove artifacts. Instead, the removed 
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vectors are replaced with interpolated vectors. Figure 4.10 shows a vector field of one 
image pair after vector validation; the blue vectors are the one that were replaced.  
 
Figure 4.10: PIVlab vector field output (rawdata). The red vectors represent the instantaneous 
velocity and the blue vectors represent the interpolated vectors. 
Figure 4.11 shows the magnitude of the velocity vectors for both centre-down and centre-
up rotations. The contours of the resultant velocity and the high velocity region appears 
around the impellers.  
  Chapter 4 
Page | 99  
 
Figure 4.11: Vector flow fields superimposed on a pseudo-colour graph: (a) centre-down and (b) 
centre-up. The pseudo-colour plots used colour to denote areas of high and low velocity magnitude. 
Blue and green correspond to areas of lower velocity, red and orange are areas of high velocity, 
and yellow is the mid-range.  
In centre-down rotation, the large connected circulation loop shows that high velocity 
regions occur near the wall, whereas in centre-up rotation, high velocity regions occur in 
between the impellers. As shown in Figure 4.11 (top region), it is interesting to observe 
mid-range velocity magnitude in the centre-down rotation and low velocity magnitude in 
the centre-up rotation.  
To explain the effect of liquid flow on the stability of pre-existing PMMA stacks with a 
contact angle, 	≈ 	90	° :  
As shown in Figure 4.11 b (centre-up rotation), due to the high velocity regions in between 
the impellers, the shear stress created by the flow stretches the existing stack in the 
horizontal direction and promotes the dispersion of grains at the bottom of the stack by 
lowering the local energy barriers that the liquid encounters when wicking into the grain 
pores. This explains the difference in the shape of the bottom of the stack in both rotating 
directions and the reasons of the stack being split into several parts during centre-up 
rotation (as shown in Figure 4.6). 
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To explain the effect of liquid flow on PMMA stack formation with a contact angle, 	≈90	° :  
By referring to Figure 4.11 a (top region), a mid-range velocity magnitude was observed at 
the centre of the flow cell and the shear stress created in that region compromises the 
equilibrium of the stack by pulling stack into the liquid and promotes the detachment of the 
whole stack between the impellers. On the contrary, the velocity magnitude was relatively 
low at the top region of centre-up rotation (Figure 4.11 b), the grains able to accumulate 
over the liquid surface to form a stack. This explains why the maximum number of grains 
N* was higher (as shown in Figure 4.9) and the stack detachment time was longer in the 
centre-up rotation than the centre-down rotation (as shown in Figure 4.8).  
 Conclusions 
The behaviour of existing stacks on a moving liquid and the stack formation during the 
agitation have been studied in this chapter. Overall, it was observed that introducing flow 
in the liquid by the agitation does not necessarily improve the dispersion process and can 
facilitate lump formation. Wicking and grain dispersion are considered to be the 
rehydration rate-limiting steps in this study. Instead of liquid progressively wicking into 
the pores, deformation of the free surface occurs under agitation and this leads to the 
perturbation of the granular stack, and detachment from the interface as a lump. 
The following conclusions can be drawn about the influence of grain size, density, contact 
angle and rotating direction of the impeller on the stack formation in the moving liquid:  
a. By comparing the PIV analysis in both centre-down and centre-up rotations, the 
velocity field generated in the centre-up rotation is more likely to stretch 
horizontally and break the stack while centre-down rotation can drag the stack into 
the liquid. It is therefore suggested that centre-up rotation reduces the likelihood of 
pre-existing stack detachment as a huge lump by promoting wicking and grain 
dispersion throughout the agitation process. 
b. When 1 > 90	°, the stacks formed with small, high density (glass) grains during the 
agitation process (both centre-down and centre-up rotations) only experience 
wicking. This is due to the high density of grains reduce the likelihood of grains 
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being retain at the interface to form a stack. Introducing flow in the liquid does 
promote dispersion process in this condition. 
c. However, the stacks formed with low density grains (PMMA) during the agitation 
process tend to experience wicking initially, but the deformation of the free surface 
under agitation perturbs the stack up to a point where the subtle balance of forces is 
upset and the vertical restoring balancing force created by surface tension and the 
buoyancy force is unable to support the stack and the whole stack destabilises and 
detaches from the interface as a lump. 
d. When the contact angle 1 < 90	°, no stacks are formed during the agitation process. 
and the liquid flow promotes the dispersion of the grains. Since the contact line is 
no longer at equilibrium during the liquid flow, all the grains cross the interface and 
disperse individually.  
As it will be shown in the next chapter, food powders (e.g., cocoa powder and whole milk 
powder), due to their low apparent densities and hydrophobicity, they have similarly to the 
PMMA showing the tendency to float and not to disperse gradually.  
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Rehydration of soluble food powders 
 Introduction 
Ease of rehydration is an important property of food powders. A good understanding of 
rehydration is necessary along with a knowledge of the factors that are detrimental to poor 
rehydration behaviour. The focus of this chapter is on poorly-wetting powders. In particular, 
it investigates the influence of powder properties (grain size, moisture content and 
molecular weight), as well as the agitation speed, water temperature and mass flow rate of 
powders added to the liquid, on the dispersion behaviour. A novel powder distributor 
design that is able to improve significantly the dispersion and dissolution of food powders 
in the agitation vessel will also be discussed. 
 Materials & Methods 
 Powders and their compositions 
Food powders often contain many ingredients, including additives, such as surfactants. 
Maltodextrins are carbohydrates that are commonly used in dehydrated food beverages as 
bland-tasting fillers and thickeners. Another complex powder that is often used as an 
emulsifier and stabiliser in dehydrated food beverages is milk protein, which contains 
different proportions of caseins, whey proteins, lactose, fats, minerals and vitamins [163]. 
The literature [12,17,29,66,83] acknowledges that these ingredients have very poor 
wettability and are difficult to disperse in water . In the present work, six representative 
food powders consisted of above ingredients were selected for study:  
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• Maltodextrins DE2 (Mw ≈ 343000 g mol-1) and DE21 (Mw ≈ 7260 g mol-1) from 
Roquette, France 
• Skimmed milk powder (SMP) and whole fat milk powder (WMP) from Dairygold 
Food Ingredients, Ireland 
• Drinking Chocolate (Cadbury, UK) 
• Horlicks (Aimia Foods, UK).  
The same batches of powders were used throughout the experiments and were stored in 
sealed aluminium bags in a controlled temperature environment to avoid major risks of 
physical and chemical degradation prior to conducting the experiments. The compositions 
summarised in Table 5.1 were obtained from the manufacturers’ data, except for the water 
contents which were measured using an OHAUS MB35 Moisture Analyser. 
Table 5.1: Composition (%) of powders used in this study. 
Powder Protein Fat Carbohydrate Water Ash 
DE 2 - - 93.1 6.9 - 
DE 21 - - 96 4.0 - 
SMP 34.8 0.6 52 4.9 6.9 
WMP 24.8 26 13 3.9 5.6 
Drinking 
Chocolate 
6.3 5.6 76 2.3 0.9 
Horlicks 9.3 3.2 73.5 3.8 - 
Maltodextrins are polysaccharides consisting of a large number of glucose monosaccharide 
units connected by glycoside bonds (Figure 5.1 a). They are typically classified by their 
dextrose equivalent (DE), which is the content of reducing sugars. For example, a 
maltodextrin with a DE of 21 would have 21% of the reducing power of dextrose. The DE 
value is inversely related to the length of the polysaccharide chain, and thus its molecular 
weight [193].  
Lactose is one of the main ingredients in milk powder (Figure 5.1 b). It is a disaccharide 
comprising )/ë-D-glucose and ë-D-galactose units connected by glycoside bonds.  
The milk fat, the fatty portion of milk, belongs to a family of lipids (Figure 5.1 c). It consists 
of a mixture of triglycerides which contains three fatty acids attached to a glycerol 
backbone. There are two different types of fatty acids, saturated and unsaturated, and their 
compositions extracted from milk differ according to the producing animal’s diet. 
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As shown in Figure 5.1 d, casein is the main protein in milk (80%). Casein micelles also 
contain calcium phosphate, which assists in holding the micelles together through 
hydrophobic interactions and hydrogen bonds [194]. Casein-based ingredients (e.g. milk 
protein concentrate (MPC), micellar casein isolate (MCI), sodium caseinate (NaCas) and 
calcium caseinate (CaCas) are typically obtained by spray drying [161]. The composition 
and structure of the micelles can be influenced by different physicochemical and processing 
conditions (e.g. heat treatment using membrane technology, membrane filtration followed 
by spray-drying and acid precipitation and resuspension with sodium or calcium hydroxide 
[155]). 
 
Figure 5.1: Structural formulae of maltodextrin, lactose, fat and protein. 
 Grain size and density measurements  
The particle size distribution of each powder was determined using a QICPIC image 
analysis system (Sympatec GmbH, Clausthal-Zellerfeld, Germany). The particle size 
distribution provides different parameters such as d10, d50 and d90, which represent the 
diameters corresponding to 10, 50 and 90% of the volume of particles in the distribution. 
These parameters are used to determine the span, s, of the particle size distribution, (d90 – 
d10) / d50.  Particle apparent density was measured by gas pycnometry (AccuPycnometer 
1330, Micrometrics Instrument Corp., Norcross, GA, USA). Poured bulk density was 
measured by weighing known powder volumes in graduated cylinders. Wettability of the 
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powders was assessed by contact angle measurement. The contact angles provided in Table 
5.2 were obtained from the literature [12,66], as measured using the sessile droplet method. 
Table 5.2: Properties of the powders used in this study  
Powder d50	(µm) Span, s Apparent density 
(kg m-3) 
Poured bulk density  
(kg m-3) 
Contact angle at t = 
1 s (°) 
DE 2 161 1.32 1498 503  > 46 (from DE6) 
[12] 
DE 21 179 1.39 1496 515 24 [12] 
SMP 214 1.62 1426 485 82 [66] 
WMP 315 2.15 1253 378 104 [66] 
Drinking 
Chocolate 
158 2.11 1536 633 104 [66] 
Horlicks 290 1.87 1317 516 - 
 Modification of powder water activity and grain size 
The powders were spread thinly on plastic trays (depth approximately 5 mm) to increase 
the surface area for water absorption. In order to modify the water activity (aw) of the 
powders, the trays were placed in two different locations: (i) shelves inside a humidity 
chamber (MMM Climacell 111 ECO Environmental Test Chamber, United Kingdom) for 
two weeks; or (ii) in desiccators with different saturated salt solutions for at least one month.  
The chamber temperature was maintained constant at 22	℃ and the RH was adjusted to 33, 
43, 50 and 60 %, which were monitored with an HD1 Thermo Hygrometer (Rotronic, 
Switzerland). The humidity chamber can store larger quantities of powders and there is a 
continuous humidified air circulation with a ventilator that leads to faster moisture 
absorption and equilibration [195]. Samples were also stored in the desiccators at 22	℃ 
over saturated salt solutions (all from Sigma-Aldrich Ltd.):  
• CH3COOK (aw = 0.22) 
• MgCl2 (aw = 0.33) 
• K2CO3 (aw = 0.43) 
The aw values were measured using a HygroClip 2 (HC2A) Humidity Temperature Probe 
(Rotronic, Switzerland). The differences between the RH readings given by these two 
instruments was ±3 %. The water content of powders that were conditioned using both 
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methods was measured gravimetrically using an OHAUS MB35 Moisture Analyser. A 
small amount of powder (2 g) was placed on the sample pan and heated at a constant 
temperature of 105	℃. On the completion of drying, results were displayed as water content 
(%) and dry sample weight (g). The average water contents of triplicate samples were used 
in calculations. Since the differences between the water contents reached was below 1 %, 
the humidity chamber was chosen for this study (apart from aw = 0.22 when the desiccator 
was used, due to the limitations of the chamber).  
To study the effects of grain size on the wetting, clumping and dispersion behaviour of 
powders, samples of maltodextrins (20 g of each) were sieved (Sieve Shaker, Retsch, 
Germany) with a stack of sieves arranged with mesh size increasing from bottom to top, 
using an amplitude of 1.20 mm for 5 minutes. 
 Sorption isotherm measurement 
Dynamic vapour sorption, DVS (Surface Measurement Systems Ltd, United Kingdom), is 
a gravimetric technique used to determine sorption isotherms of amorphous materials. The 
sorption isotherm can be described as a relationship between aw and the equilibrium 
moisture content of the sample at constant temperature and pressure. By varying the vapour 
concentration surrounding the sample in a controlled environment, the change in mass of a 
dry sample is determined. A schematic of the DVS system is shown in Figure 5.2. A small 
amount of powder (< 10 mg) was placed on a balance pan suspended in a chamber, while 
on the other side of the balance an empty pan acts as a reference. A dry nitrogen gas stream 
of N2 is mixed with water vapour stream to achieve a specific RH and passed over the 
sample at a constant flow rate of 200-sccm and constant temperature of 22	℃.   
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Figure 5.2: Schematic of the DVS technique. 
To determine the sorption isotherm, the sample was dried in a stream of dry air (< 0.1 % 
RH), initially for 18 hours. The sample was then exposed to a certain higher RH until 
equilibrium had been established, where the mass of the sample reached a stable value for 
each RH step. The RH was increased by a 15 % step every 12 hours until a final RH of 90 
% was achieved. For each step, the change in mass was recorded by the microbalance and 
used to calculate the water uptake. Figure 5.3 shows the change in mass of DE21 with time 
resulting from water absorption at a controlled RH (the target pressure). As shown in Figure 
5.4 a and b, the results obtained from the sorption isotherms are consistent with those 
obtained using the moisture analyser. This indicates that the powders stored under both sets 
of conditions are at their equilibrium RH.   
The GAB model was fitted to the experimental data:  
 
ìBî=ï = Åñ ∙ òñ ∙ Xô(1 − Å ∙ Xô)(1 + (òñ − 1)Å ∙ Xô) (5.1) 
where =ï is the mass of the powder at the equilibrium, C’ and K’ are constants.  
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Table 5.3 summarises the GAB parameters values obtained for DE21 and DE2 after fitting 
to the experimental data.  
Table 5.3: GAB parameters values  
Powder mm K’ C’ 
DE21 4.62 5.95 0.96 
DE2 12.28 6.80 0.89 
 
Figure 5.3: Moisture sorption kinetics for DE21 at 22 ℃.  
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Figure 5.4: Water content as a function of aw for (a) DE21 and (b) DE2 at 22	℃. The points 
represent the experimental data and the full curve is the fitting of the GAB equation to these data. 
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 Glass transition temperature versus water content measurement 
Two different techniques were used in this study to assess the influence of water content 
on the glass transition temperature (Tg) of powders: (i) differential scanning calorimetry 
(DSC), used to determine the Tg of the samples with different water contents (from 3 % to 
13 % wet basis); and (ii) dynamic vapour sorption (DVS) used to determine the critical RH 
storage conditions of the sample to prevent a glass transition at a specific temperature. For 
comparison, DSC was performed to measure the Tg over a range of RH values and DVS 
was performed to determine the onset RH for glass transition. 
5.2.5.1 Tg measurements by DSC 
DSC is an analytical technique used to study phase changes, such as crystallization, melting, 
and glass transition. The differential scanning calorimeter comprises a measurement 
chamber where two different pans are heated, the sample pan and reference pan. From a 
DSC measurement, specific heat capacity can be calculated using the equation:  
 }ö = 1= (mõ mp⁄ )(mú mp⁄ ) (5.2) 
where m is the sample mass, dQ/dt is the heat flow given by the DSC curve, and dT/dt is 
the heating rate of the sample. 
The instrument used in this study was a Q2000 (TA Instruments, United States). In fact, Tg 
does not occur at a specific temperature, but rather over a range of temperatures. Typically, 
the Tg is identified as a gradual change in the heat flow curves, as shown in Figure 5.5. The 
onset and inflection Tg values were identified using TA universal software. The analysis 
was carried out with ~10 mg of sample, which was hermetically sealed in a pre-weighed 
aluminium pan. All calorimetric measurements were carried out in duplicate with a heating 
rate of 5	℃	=ÜÉOS from 30	℃ below Tg onset and up to 30 ℃ above Tg end-point [111]. 
The cooling rate during the measurements was 5	℃	=ÜÉOS.  
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Figure 5.5: Glass transition temperature determination of DE21 (50 % RH). 
 Dispersibility and dissolution measurements  
Two different sizes of double-jacketed vessel were used to explore the dispersion and 
dissolution of food powders. The dimensions of both vessels and the magnetic stirrers used 
in both vessels are given in Table 4.1.  
Table 5.4: Dimensions of two double-jacketed vessels. The amounts of powder and water used in 
each system to reach a final concentration of 7.41 wt % are given. 
Vessel Height of 
liquid HL 
(cm) 
Diameter 
DT (cm) 
Cross 
sectional 
area (cm2) 
Aspect 
ratio 
(HL/DT) 
Amount of 
powder (g) 
Amount 
of water 
(mL) 
Stirrer
(mm) 
Large 8.5 8.5 56.7 1.00 40 500 45 x 8 
Small 4.0 6.0 28.3 0.67 12.8 160 30 x 8 
All powders were characterised in terms of dissolution kinetics by means of a refractive 
index sensor, FISO FTI-10, Single Channel Signal Conditioner (FISO Technologies Inc., 
Quebec, Canada), and a conductivity meter (FiveEasy™ F30 Conductivity Meters, Mettler-
Toledo, United Kingdom) to monitor the release of mineral salts accompanying the 
rehydration of powders. Conducting powders (e.g. SMP, WMP, Horlicks and Drinking 
Chocolate) will increase the conductivity of the liquid medium during dissolution, whereas 
non-conducting materials (e.g. DE21 and DE2) will decrease the conductivity. For this 
reason, mineral water (Évian, France) was used as the dissolution medium instead of 
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deionised water, in order to allow the decrease in conductivity for DE21 and DE2 to be 
determined. The refractive index sensor and conductivity probe were set into a 1-L double-
jacketed vessel, assembled to an external water bath in order to control the temperature of 
the contents (Figure 3.4 a). The data were recorded every 1 s for 5 minutes. The 
conductivity and refractive index readings were normalised using the following equation:  
 Tù(p) = û(p) − û(pj)û(∞) − û(pj) (5.3) 
where DI(t) is the normalised dissolution index, X(t) is the reading at time t, X(to) is the 
initial reading for water and X(∞) is the final reading after complete dissolution of the 
powder. 
As described in Chapter 2, the rehydration process of soluble food powders can be divided 
into four distinct stages that usually take place sequentially and simultaneously: wetting, 
capillarity, dispersion and dissolution. In the present work, the experimental curves have 
been fitted to the two-parameter exponential model, given by 
 Å(p) = Å(¥) ∙ (1 − exp(−ℎp)) (5.4) 
where Å(p)  is the normalised conductivity at time t, Å(¥)  is the final normalised 
conductivity of the dispersion, approaching unity for complete dispersion and dissolution 
in the water, and h is the first-order rate constant for dispersion of the powders. Powder 
dispersion is considered the rate-controlling step in this analysis [1]. 
The entire powder rehydration process was also monitored using a Basler camera with a 
resolution of 2.3 MP (acA1929-155 µm) and a qualitative evaluation of any rate limitations 
to achieve complete dissolution was made at the end of the first 5 minutes. This qualitative 
rate-limiting regime mapping approach was also carried out by Mitchell et al. [12] and 
Fitzpatrick et al. [29,66]. Keywords were used to describe any rate limitations, such as 
sedimentation (powder remaining at the bottom of the vessel), air entrainment (air bubbles 
entrained in the powder bed), floating (powder floating at the liquid surface), or lumps 
(powder lumps formed during the dispersion process). This approach only worked for 
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powders that are able to dissolve and provide a transparent solution at the end of the 
experiment. Hence, it is only suitable to identify the limiting regime map of maltodextrins, 
but not for the milk powders. The outline images shown in each graph were highlighted 
based on the legend colour. 
Based on the dimensions of the double-jacketed vessels shown in Table 4.1, the 
experiments involved feeding 12.8 or 40 g of powder in 160 or 500 mL Évian mineral water 
at either 22 or 70 ℃ (i.e. leading to a final concentration of suspended solid of 7.41 wt%). 
The mass flow rate of the powders was recorded using a Sartorius 2250 balance connected 
to a computer, and was varied using 3-D printed polypropylene cones (HF = 100 mm and 1£  = 112.5 °) with different orifice diameters, dO of 5, 7, 10, 12 and 15 mm (as illustrated 
in Figure 3.4). The height and position of the orifice was fixed at 110 mm above the 
undisturbed liquid surface. The measurements for each sample were repeated at least three 
times. 
 
Figure 5.6: Experimental set-up to quantify the dissolution of powder, controlling temperature and 
stirring speed. (a) Large double-jacketed vessel, and (b) small double-jacketed vessel. 
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 Results and Discussion 
 Effect of flow rate on dissolution kinetics 
Parker et al. [79] suggested that by adding the soluble powders slowly into the stirred 
solvent, the rehydration performance improved, due to the grains being widely separated 
before they hydrate. His assumption was extended in this study and compared to the 
experimental results of four different food powders.  
The rehydration characteristics of different powders were compared under static and 
dynamic conditions using the large double-jacketed vessel.  Since Chapter 3 highlighted 
the importance of grain mass flow rates in the formation of inert granular stacks, the mass 
flow rate of the soluble food powders added to the interface under static and dynamic 
conditions has been studied in this section in order to improve the understanding of 
rehydration performance of food powders.  
The effect of increasing the mass flow rate of powders added to the interface on the 
rehydration of food powders was first verified in the case of two different “static” 
conditions, i.e. (a) completely static (0 rpm); and (b) low agitation (100 rpm), to ensure the 
concentration of the liquid is uniform, but avoiding the formation of a vortex. This allows 
both refractive sensor and conductivity probe to measure average concentration. 
5.3.1.1 Maltodextrin DE21 dissolution kinetics  
With the condition of low agitation (100 rpm), Figure 5.7 shows that the normalised 
conductivity of the DE21 suspension increases in the first 20 seconds, while for the next 4 
minutes, they produce almost the same kinetics. The readings obtained after 5 minutes with 
the condition of 0 rpm was found to be similar to 100 rpm and these results are not included 
for brevity. The molecular weight and true density of powders play important roles in 
determining the rate-limiting regime for rehydration, as well as the overall dissolution time. 
From the optical characterisation shown in Figure 5.7, the particles sedimented (dark-
shaded part) to the bottom of the vessel as soon as they were added to the liquid when 
agitation speed is lower. This is due to DE21 being the shorter-chain sprayed dried powder 
with a density greater than water.  
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Figure 5.7: DE21 dissolution kinetics in the large double-jacketed vessels at 100 rpm, 22 ℃. The 
inset shows the images taken during the rehydration process for the first 5 minutes (two repetitions). 
Conversely, Figure 5.8 shows that at high agitation speed (500 rpm), the dissolution was 
almost complete after one minute. Also, from the appearance of the solutions within the 
two systems shown in the inset images, it can be seen that both systems achieved complete 
rehydration at 2 minutes. By comparing Figure 5.7 and Figure 5.8 , it can be seen that high 
levels of agitation improve the rehydration process of DE21 as sedimentation can be 
avoided [66]. Eq. 5.4 has been fitted to the data in Figure 5.7 and Figure 5.8  and the kinetic 
fitting parameters indicate that h increases from 0.00924 to 0.104 with increasing agitation 
speed.  
Figure 5.8 (top graph) also shows the effect of different flow rates of powder on the 
dissolution rate of DE21 at 500 rpm. With the flow rate of 1.39 g s-1, the system achieved 
0.80 normalised conductivity at 20 seconds with the fitted h value of 0.0414, whereas with 
the flow rate of 7.46 g s-1, the system achieved 0.80 normalised conductivity at 10 seconds 
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with the fitted h value of 0.104. The powder flow rate had a measurable effect on the 
dispersion and dissolution kinetics within the first minute. As in the previous case, DE21 
was wetted and sank very rapidly and the lower signal measured initially at low flow rate 
is simply caused by the lower amount of maltodextrin that was present in the cell. Hence, 
there was no significant difference in the overall dissolution times when the mass flow rate 
of the powder was varied. 
Dry granular jet formation (shown in Figure 5.8, top inset images with blue outline between 
1 - 2 seconds) was observed in the system with the previous two flow rates as soon as the 
powder contacted the liquid surface. The ratio of dEK/dES computed from the flow rates of 
1.39 and 7.46 g s-1 was found to be above unity, i.e. 1.79 and 4.47, respectively. Through 
optical analysis on the system, some flake-like aggregates were observed between 10 – 25 
seconds. The theoretical framework proposed by Lagubeau [55] has been used to describe 
this phenomenon. When DE21 with a low contact angle, was poured into the vessel at a 
high flow rate, the vortex formed at high agitation speed broke the jet into small aggregates 
which circulated in the liquid instead of sedimenting to the bottom of the vessel with 
entrained air. This improved the contact time between individual particles and water, thus, 
promoting dissolution.  
A typical comparison between the normalised conductivity and normalised refractive index 
readings is shown in Figure 5.8 b. The results are comparable and this suggests that both 
conductivity and refractive index are reliable ways to monitor dissolution and could be used 
to compare the dissolution behaviour of the powders (shown in Appendix B). Given that 
the probes are not co-located, the similar results obtained, even when the agitation speed is 
low (100 rpm), provides confidence that mixing is uniform within the cell. 
However, in comparison with the conductivity measurements, the readings from the 
refractive index probe were subject to much larger fluctuations, and were often too noisy 
in many experiments. Therefore, only optical assessment and conductivity measurements 
were used to compare the dissolution behaviour in the remainder of the study.  
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Figure 5.8: DE21 dissolution kinetics in the large double-jacketed vessels at 500 rpm, 22 ℃.: (Top) 
Different colours represent different powder mass flow rates. The inset shows the images taken 
during the rehydration process for the first 5 minutes. (Bottom) The comparison of normalised 
dissolution index between the conductivity (orange colour) and the refractive index (black colour) 
reading. The raw data of these results will be presented in Appendix B. 
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5.3.1.2 Maltodextrin DE2 dissolution kinetics  
The dissolution kinetics of DE2 are shown in Figure 5.9 (at 100 rpm) and Figure 5.10 (at 
500 rpm). Eq. 5.4 has been fitted to the data in both figures. The results obtained with DE2 
are consistent with the DE21 experimental results that h increases with increasing agitation 
speed. The images included in these figures show that DE2 tended to float on the surface 
and that dissolution was incomplete after five minutes. It is important to notice the 
formation of powder stack occurs for grains with a contact angle lower than 90 ° (refer to 
Table 5.2) and similar phenomena have also been observed in Chapter 3. 
With the condition of low agitation speed (100 rpm), Figure 5.9 shows that the dissolution 
kinetics for the system with the lower flow rate (1.03 g s-1) was approximately 28 % faster 
than the system with the higher flow rate (7.88 g s-1). The fitted value of h correlated well 
with the dispersion rate computed from the flow rates of 1.03 and 7.88 g s-1 were 0.0138 
and 0.0762, respectively. The ratio of dEK/dES computed from the flow rates of 1.03 and 
7.88 g s-1 were 1.32 and 4.73, respectively. Dry granular jets (shown in Figure 5.9, inset 
image with blue outline at 3 seconds) were only observed in the system with high flow rate, 
whereas with low flow rate, the powder stack grew and its size became limited by the 
progressive dispersion of wetted powders into the liquid. 
When a poorer grain wettability leads to retention of grains at the interface, a stack forms, 
as discussed quantitatively by Raux et al. [2]. The dispersion of grains into the liquid upon 
impacting the interface is favoured by their kinetic energy and is limited by the local energy 
barriers that the liquid encounters when wicking into the grain pores. The effect of DE2 
mass flow rate on dissolution kinetics at 100 rpm (Figure 5.9) is particularly strong in the 
first minute. Indeed, when a low powder flow rate is used, the powder stack grows slowly 
and grains are able to disperse at a rate comparable to their flow rate. When the powder 
flow rate is higher, the powder grains accumulate quickly over the whole liquid interface 
and further grains poured land on previous grains, thus dissipating their kinetic energy in 
grain-grain impacts. 
Due to the high molecular weight and longer molecular chains of DE2 [84], the dissolution 
of individual particles may result in a local viscosity increase and pore collapse, preventing 
water from wicking into the inter- and intra-particle voids of the floating powder layer [10]. 
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A large number of air bubbles can be seen in Figure 5.9 and Figure 5.10. Since there is no 
surfactant present in the system, the bubbles adhere to the powder particles, coalesce, and 
become more visible throughout the rehydration process. The sizes of the air bubbles in 
Figure 5.9 generated at 100 rpm appear to be larger than those produced at 500 rpm (Figure 
5.10).  
It was verified that bubbles were not the result of air initially dissolved in water, by de-
gassing the mineral water under vacuum before the experiments. No significant differences 
in the dissolution kinetics were observed when comparing degassed and untreated water. 
Small air bubbles were still seen at the powder-water interfaces in degassed water. 
Therefore, the bubbles observed were most likely due to air entrained with the dry particles. 
At high agitation speed (500 rpm), the central vortex is able to promote the sinking of the 
grains. Particles trapped within the vortex created by the higher agitation speed (500 rpm) 
improved contact with the liquid, and this helps to overcome the poor wicking tendency of 
the more hydrophobic powders. 
Thus, the dissolution kinetics of DE2 at high mass flow rate were found to be faster than at 
the lower flow rate after 5 minutes (as shown in Figure 5.10). These results contradict the 
previous results for a static liquid interface, for which at low mass flow rate (low grain 
kinetic energy) the grains are more likely to float without deforming the interface. This 
explains the observed retention of grains at the interface shown in Figure 5.10 (inset image; 
orange outline at 0.30 minutes). With the assistance of the vortex, powder impacting at 
high flow rate tends to sink instead of being retained at the interface. This increases the 
particle-liquid contact time, thereby improving the efficiency of powder hydration. No 
significant differences in the kinetic fitting parameters h were observed when comparing 
different flow rates and the average fitted value of h was 0.0269 ± 0.003  s-1. 
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Figure 5.9: DE2 dissolution kinetics in the large double-jacketed vessels at 100 rpm, 22 ℃. 
Different colours represent different powder mass flow rates. The inset shows the images taken 
during the rehydration process for the first 5 minutes.  
Also, by comparing Figure 5.9 and Figure 5.10, there is also significant difference seen in 
the dissolution kinetics at low agitation speed as compared to high agitation speed. It was 
observed that high levels of agitation improves the dissolution kinetic of DE2 by at least 
40%. The formation of a viscous layer at the powder/water interface impedes water 
penetration into the bulk, thereby preventing sinking from occurring unless enough 
downward suction from the stirrer is provided to disrupt the lumps. 
In this context, a new method has been identified and demonstrated for the addition of the 
powder to the liquid. This resulted in the development of a novel means of significantly 
increasing the dispersion and dissolution of DE2, the detailed results of which will be 
discussed in section 5.3.5.  
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Figure 5.10: DE2 dissolution kinetics in the large double-jacketed vessels at 500 rpm, 22 ℃. 
Different colours represent different powder mass flow rates. The inset shows the images taken 
during the rehydration process for the first 5 minutes.  
5.3.1.3 SMP and WMP dissolution kinetics 
As discussed above, only the conductivity probe can quantify the dissolution kinetics of 
milk powders. However, under low agitation conditions, in the range 0 – 100 rpm, the probe 
did not produce an obvious signal, possibly due to the powder float on the water surface 
and did not experienced dissolution. 
Several authors found that floating and lump formation limited the dissolution kinetics for 
milk powders at 22 ℃ [29,66,82,83]. Figure 5.11 and Figure 5.12 show the dissolution 
kinetics of SMP and WMP for different mass flow rates at high agitation speed (500 rpm). 
It was observed that the normalized conductivities of SMP after 5 minutes was at least 20 % 
higher than the WMP. The reason of WMP experienced worst dissolution is most likely 
due to its higher fat concentration, approximately 200 % more fat than SMP (refer to Table 
5.1), giving rise to a hydrophobic surface, as evidenced by its contact angle (refer to Table 
5.2). 
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Similar to the DE2 dissolution kinetics at 500 rpm, the normalised conductivities of SMP 
(shown in Figure 5.11) and WMP (shown in Figure 5.12) at the higher flow rate were, 
respectively, ~13 and 90 % higher than the corresponding low flow rates after 5 minutes. 
Eq. 5.4 has been fitted to the data in Figure 5.11 and Figure 5.12. For the kinetic fitting 
parameters, the results obtained with SMP and WMP are consistent with the DE2 
experimental results at 500 rpm, that no significant differences in the fitted values of h were 
observed when comparing different flow rates.  
 
Figure 5.11: SMP dissolution kinetics in the large double-jacketed vessels at 500 rpm, 22 ℃. 
Different colours represent different powder mass flow rates. The inset shows the images taken 
during the rehydration process for the first 5 minutes.  
Both SMP and WMP tend to float on the water surface, due to the hydrophobic nature of 
fat and their low apparent density. In fact, increasing the mass flow rate of powder added 
to the interface improved the sinking and wettability of milk powder. High kinetic energy 
of the grains, coupled with high agitation speed, causes the milk powders to be drawn into 
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the bulk liquid. This increases the effectiveness of particle/liquid contact, thus enhancing 
the wetting and dispersion processes. 
By comparing the size of the WMP powder stacks in Figure 5.12, those built at the higher 
flow rate disappeared after 5 minutes, whereas at the lower flow rate, there was no 
substantial difference between one and 5 minutes. Also, no granular jet was observed in 
the system as the WMP was poured onto the liquid surface. The ratio of dEK/dES computed 
from the flow rates of 1.03 and 2.10 g s-1 were 0.77 and 1.26, respectively. These results 
obtained agree with the theory proposed by Lagubeau [55], that a stack is formed when the 
energy ratio is below or close to unity. 
 
Figure 5.12: WMP dissolution kinetics in the large double-jacketed vessel at 500 rpm, 22 ℃. 
Different colours represent different powder mass flow rates. The inset shows the images taken 
during the rehydration process for the first 5 minutes.  
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 Effect of vessel design on dissolution kinetics 
To investigate the effect of vessel design on powder dissolution, two different double-
jacketed vessels were used, with the dimensions given in Table 4.1.  
 
Figure 5.13: Dissolution kinetics of DE21 and DE2 in the large and small double-jacketed vessels 
at 500 rpm, 22 ℃.  
Figure 5.13 compares the normalised conductivity curves of DE21 and DE2 in both small 
and large double-jacketed vessels. With a constant flow rate of 1.39 g s-1, within 
experimental error, the normalised conductivity of DE21 is seen to be very similar for both 
vessels. The only difference was that the dissolution kinetics of DE21 was slightly slower 
in the large vessel during the first 30 seconds.  
On the other hand, at the constant flow rate of 2.78 g s-1, there was a significant discrepancy 
in the dissolution behaviour of DE2 between the two vessels. As seen in Figure 5.13, the 
normalised conductivity in the small vessel was nearly 100 % higher than in the large vessel 
after 5 minutes. The rehydration behaviour was worse in the large vessel, an effect 
commonly seen during scale-up of many industrial processes. In the present case, the 
powder concentration was constant in both vessels, for which the cross-sectional area and 
aspect ratio differed by 2´ and 1.5´, respectively, as given in Table 4.1. This suggests that 
the observed differences in behaviour may  be a consequence of maintaining a constant 
agitation speed, which reduces the downward suction in the larger vessel required to cause  
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sinking of the powder grains before the development of a viscous gel-like layer around the 
dry powder, restricting hydration. 
The smaller vessel was used in subsequent experiments on the effects of grain size, water 
activity and liquid temperature owing to limited powder availability.  
 Effect of grain size on dissolution kinetics 
This section highlights the important role of grain size on the wetting, clumping, dispersion 
and dissolution behaviour of maltodextrins DE2 and DE21.  Different grain sizes were used 
in this study. The volume distribution parameters d10, d50 and d90 are given in Appendix B, 
and the spans of the particle size distributions are summarised in Table 5.5 and Table 5.6. 
As indicated, the small double-jacketed vessel was used in this study. Distributors with 
different orifices were used to maintain as constant powder flow rate as possible, while 
changing the grain size.  
5.3.3.1 Maltodextrin DE21 
The targeted mass flow rate for DE21 was 1.61 g s-1 and the size of the orifice used for 
each grain size are given in Figure 5.14. It was observed that the optimal grain size for 
dissolution is 189 µm instead of the largest grain size, 277	µm. Two flow rates within the 
range of targeted flow rate, 0.97 and 1.73 g s-1, were used and the normalised conductivity 
reading is the average from both flow rates. The inset images with the green outline show 
that the system became completely transparent after 1 minute and the corresponding 
normalised conductivity reached 1.0 before the rest of the grain sizes studied. Additionally, 
the smallest particles were observed to break off and float just beneath the surface for ~3 
minutes. 
In fact, due to the mass of these small particles being negligible, the vertical components 
of surface tension and hydrostatic force acting on them is assumed to be zero. Small 
particles tend to float on the liquid without causing significant interfacial deformation. It 
was also found that the powder with the smallest grain size produced the worst dissolution, 
possibly due to the longer time required for liquid penetration into the narrower porous 
network. 
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Eq. 5.4 has been used to fit the data in Figure 5.14, and the resulting fitting parameters are 
summarised in Table 5.5.  
Table 5.5: Span of the particle size distribution and kinetic fitting parameters (from eq. Error! 
Reference source not found.) for the dispersion of DE21 with different grain sizes. 
Grain size, d50 (µm) Span  h (s-1) R2 
129 0.84 0.0145 0.997 
189 0.59 0.0807 1.000 
277 0.52 0.0404 0.897 
 
Figure 5.14: Effect of grain size on the dissolution kinetics of DE21 in the small double-jacketed 
vessel at 500 rpm, at 22 and 70 ℃. Different colours represent different grain sizes. The inset shows 
the images taken during the rehydration process for the first 5 minutes. The dashed curves are 
generated by fitting the data to eq. Error! Reference source not found.. 
In Figure 5.14, it can be seen that all of the size fractions dissolve to their fullest extent, 
with C(¥) » 1. The dispersion rate was calculated for each experimental condition and a 
very good correlation was observed with the fitted values of h. The parameters indicate that 
h increases with increasing grain size. There is a subtle effect on the efficiency of the 
dispersion process as the grain size increases, consistent with the inset images (green and 
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orange outlines), indicating that the largest grain size powders disperse as soon as they 
contact the liquid, whereas the smallest grain size powders form lumps. 
5.3.3.2 Maltodextrin DE2  
The targeted mass flow rate for DE2 was 1.96 g s-1 and the sizes of the orifice used for each 
grain size are given in Figure 5.15. The overall dissolution time decreased when the grain 
size is increased from 69 to 303 µm.  
Although the overall dissolution time of the largest grain size powder (303 µm) was found 
to be shorter, the initial normalised conductivities at 20 seconds were approximately 100 % 
lower than the 134 µm powder. This can be explained from the inset images taken at 5 
seconds (blue outlines) that the sedimentation of powder interfered with the stirrer for a 
short period of time. Unlike the raw DE2 which tends to float on the liquid surface and 
form a viscous gel-like layer around the dry particles, the largest grain size of DE2 did not 
accumulate within the vortex and instead sedimented to the bottom of the vessel and 
dispersed and dissolved gradually.  
The inset images with the orange outlines show that the downward suction from the stirrer 
was too weak to disrupt the lump and was therefore unable to suspend any powder in the 
water. This suggests that the clumping observed was most likely due to smallest grain sizes 
experiencing a stronger cohesive force, inhibiting the rate of water penetration into the 
powder.  
Eq. 5.4 has been fitted to the data in Figure 5.15 and the kinetic fitting parameters are 
summarised in Table 5.6. The results obtained with DE2 are consistent with the DE21 
experimental results that h increases with increasing grain size. However, it is not possible 
to fit the data for the largest particles, as the magnetic stirrer interfered with the sedimented 
powder.  
The results obtained are qualitatively and quantitatively consistent with the experimental 
results by Parker et al. [79], Mitchell et al. [12] and Freudig et al. [9], that larger grain sizes 
improved the wetting behaviour and immersion of powders. Also, the Laplace pressure 
compensates for the hydrostatic pressure of liquid, inducing a curvature, C = ρgh*/γ [2], 
which promotes water wicking into the stack pores, facilitating faster dispersion and 
Chapter 5 
Page | 128 
dissolution of individual particles. The results showing that the size of the powder stacks 
increased strongly when the grain size decreased are also compatible with the experimental 
results in Chapter 3.  
Table 5.6: Span of the particle size distribution and kinetic fitting parameters (from eq. 5.4) for the 
dispersion of DE2 with different grain sizes.   
Grain size, d50 
(µm) Span Å(¥) h (s-1) R2 
69 1.12 0.18 0.0171 1.000 
143 0.87 0.84 0.0579 0.853 
303 0.61 - - - 
 
Figure 5.15: Effect of grain size on the dissolution kinetics of DE2 in the small double-jacketed 
vessels at 500 rpm, at 22 and 70 ℃. Different colours represent different grain sizes. The inset 
shows the images taken during the rehydration process for the first 5 minutes. The curves are 
generated by fitting the data to eq. 5.4. 
 Effect of aw and liquid temperature on dissolution kinetics 
This section highlights the important role of glass transition temperature, Tg, in relation to 
the moisture content of the powder on the wetting, clumping, dispersion and dissolution 
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behaviour of maltodextrins DE2 and DE21. Consequently, the next part of this work 
examined the rehydration powders with controlled aw, obtained by controlling RH. Water 
temperature has also been varied (22 or 70 	℃ ). The size of the orifice used in this 
experimental set-up was 10 mm and Table 5.7 summarises the mass flow rate of the 
powders with different aw.  
Table 5.7: Mass flow rate of the powders with different aw used in this experimental set-up.  
Powder dm/dt (g s-1) 
when aw = 0.22 
dm/dt (g s-1) 
when aw = 0.33 
dm/dt (g s-1) 
when aw = 0.43 
dm/dt (g s-1) 
when aw = 0.49 
DE21 2.39 ± 0.2 2.11 ± 0.2 1.79 ± 0.1 1.27 ± 0.7 
DE2 2.64 ± 0.3 2.61 ± 0.4 2.49 ± 0.1 2.19 ± 0.2 
As shown in Table 5.7, the mass flow rate of the powders was observed to decrease when 
aw increases (and water content increases). The mass flow rates obtained for both DE21 
and DE2 are compatible with the experimental results by Descamps et al. [111], who 
focussed on the flowability of DE21 when aw varies. At high water content, water moves 
into the gap between neighbouring particles. This makes the particles more cohesive due 
to the formation of interparticle bridges and this leads to a decrease in powder flowability.  
5.3.4.1 Maltodextrin DE21  
The Tg values for different water contents of DE21 powder are given in Table 5.8. The 
comparison between the present experimental data and literature results is shown in Figure 
5.16, the Tg decreased as water content decreased. The Tg could be successfully predicted 
using the Gordon and Taylor equation [106]: 
 ú_ = §S ∙ ú_S + P§E ∙ ú_E§S + P§E  (5.5) 
where w1 and w2 are the weight fractions of water and powder sample, Tg1 and Tg2 are the 
glass transition temperatures in pure water and dry powder samples, respectively. k is a 
fitting parameter. The glass transition temperature of water, Tg1 was reported with the 
values at 134 K [107].  
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By comparing the results with those of Descamps et al. [111], Figure 5.16 shows that the 
present measured Tg decreases more slowly with respect to the water content. As shown in 
Table 5.9, the Gordon-Taylor fitting was found to have a good agreement with the 
experimental data but the estimated Tg of dry DE21 is significantly lower.   
Table 5.8: Water contents and glass transition temperatures of maltodextrin DE21 stored in the 
humidity chamber at different relative humidity (RH) at 22 ℃. 
RH (%) Water content (%) Tg (℃) 
22 3.7 74.66 
33 4.4 73.03 
43 5.9 63.97 
49 7.1 60.60 
60 9.9 47.70 
Table 5.9: Gordon-Taylor fitting parameters for DE21. 
Sample Tg2 (K) k R2 
Present work  367.7 0.5536 0.9476 
Descamps et al. 
[111] 
426.0 0.1602 0.9965 
 
Figure 5.16: Glass transition temperature plot as a function of the moisture content for DE21. 
Dashed lines indicate the rehydration liquid temperature used in this study. 
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The influence of water content on the dissolution kinetic of DE21 is illustrated in Figure 
5.17 and Figure 5.18. It is observed that the dissolution at 22 °C improved when Tg 
decreases (and aw increases). Additionally, as expected, the overall dissolution time was 
found to be shorter at the higher liquid temperature. When the liquid temperature is 70 ℃ 
(close to Tg), however, the effect of aw on the dissolution time was not measurable. Hence, 
the dissolution of controlled aw DE21 powder in the range 0.22 – 0.49 is similar. At ambient 
temperature, lumps containing entrapped air were evident in the solution (inset in Figure 
5.17), whereas at high temperature this was not observed.  
 
Figure 5.17: Effect of aw on the dissolution kinetics of DE21 in the small double-jacketed vessels 
at 500 rpm, at 22 and 70 ℃.  
Eq. 5.4 has been fitted to the data in Figure 5.17. The kinetic fitting parameters show that 
h increases with increasing liquid temperature from 0.0696 to 0.166 s-1 but no significant 
differences were observed when comparing a range of controlled aw DE21 samples at 
ambient temperature or 70 °C. 
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Figure 5.18: The dissolution behaviour of DE21 with different aw in the small double-jacketed 
vessels at 500 rpm, at 22 and 70 ℃.  
5.3.4.2 Maltodextrin DE2 
The Tg data for DE2 powders with different water contents are given in Table 5.10. The 
comparison between the present experimental data and the literature is shown in Figure 
5.19. Avaltroni et al. [16] and Smann et al. [196] reported Tg for model systems based on 
DE2 that were close to the present results for DE2. Also, the Gordon-Taylor fitting 
parameters shown in Table 5.11 was found to show good agreement with the experimental 
data.  
Table 5.10: Water contents and glass transition temperatures of maltodextrin DE2 stored in the 
humidity chamber at different relative humidity (RH) at 22	℃. 
RH (%) Water content (%) Tg (℃) 
22 6.5 93.2 
33 8.6 77.3 
43 9.2 60.9 
49 10.5 57.7 
60 12.4 48.6 
Table 5.11: Gordon- Taylor fitting parameters for maltodextrin DE2, 
Sample Tg2 (K) k R2 
Present work 405.6 0.3102 0.9551 
Avaltroni et al. [16] 392.1 0.2189 0.9984 
Smann et al. [196] 446.0 0.1847 0.9926 
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Figure 5.19: Glass transition temperature plots as a function of moisture content for DE2. Dashed 
lines indicate the rehydration liquid temperature used in this study. 
Figure 5.20 and Figure 5.21 show the dissolution kinetics of a range of controlled aw DE2 
samples at ambient temperature. The dissolution rates for a range of controlled aw were 
similar over the first 25 seconds. However, dissolution improved after 5 minutes for lower 
Tg (i.e. higher aw). Figure 5.21 andFigure 5.22 show the dissolution kinetics for a range of 
controlled aw DE2 samples at 70 ℃. Again, the results obtained are consistent with the 
literature, in that dissolution improved for higher aw. However, higher liquid temperatures 
do not always improve the dissolution kinetic of food powders. As shown in Figure 5.21, 
the size of the powder lumps for aw = 0.22 at 70 	℃  was found to be larger than the 
corresponding lumps at ambient temperature, shown in Figure 5.20. The same scenario also 
occurred for DE2 powder with aw = 0.33 and 0.43. Lastly, the dissolution of DE2 (aw = 0.49) 
at liquid temperatures of 22 and 70 ℃ was similar.  
Chapter 5 
Page | 134 
 
Figure 5.20: Effect of aw on the dissolution kinetics of DE2 in the small double-jacketed vessels at 
500 rpm and 22 ℃.  
By comparing Figure 5.20 and Figure 5.22, the normalised conductivity of a range of 
controlled aw DE2 powders at 22 and 70 ℃ was similar over the first 10 seconds.  This 
suggests they have the same initial wetting rates. When the liquid temperature is increased 
to 70 ℃, the worse dissolution observed may have been due to the liquid temperature not 
being high enough to promote fast dispersion before the formation of viscous gel layer 
around the dry particles when the Tg is closer or higher than 70 ℃. Conversely, when the 
liquid temperature is 22 ℃, the temperature is below all the Tg and particles might have 
time to disperse before becoming sticky [17]. 
Eq. 5.4 has been fitted to the data in Figure 5.20 and Figure 5.22. The kinetic fitting 
parameters show that no significant differences were observed when comparing different 
liquid temperatures as well as a range of controlled aw DE2 samples at both 22 °C and 70 
°C.  
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Figure 5.21: The dissolution behaviour of DE2 with different aw in the small double-jacketed vessels 
at 500 rpm and 22 ℃.  
 
Figure 5.22: Effect of aw on the dissolution kinetics of DE2 in the small double-jacketed vessels at 
500 rpm and 70 ℃.  
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Figure 5.23: The dissolution behaviour of DE2 with different aw in the small double-jacketed vessels 
at 500 rpm and 70 ℃.  
 Improving powder distribution in a liquid: A novel powder distributor 
Problematic rehydration can be broadly classified in terms of sedimentation, floating and 
clumping. In this section, the dissolution experiments were performed with a novel device 
in the large double jacketed vessel depicted in Figure 5.24, whose dimensions are listed in 
Table 5.12. The larger vessel was used in this case, since it experienced poorer dissolution 
and this will highlight the benefit of the powder distributor. The demonstration involved 
the addition of 40 g of powder to 500 mL of Evian mineral water at 22 ℃, with stirring at 
500 rpm.  
Table 5.12: Dimension of the powder distributor.  
Height of funnel from the distributor, 
HF (cm) 
Distributor height 
over the liquid, HD 
(cm) 
Distributor diameter, 
DD (cm)  
2.5 2.5 6 
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No measurable effect was found when using this powder distributor with DE21, due to the 
good wettability of the powder and the absence of powder accumulation at the water 
interface. Conversely, as shown in Figure 5.25, a measurable improvement in the 
dissolution kinetics was observed when using this simple powder distributor with 
commercial food powders which float on water, i.e DE2, WMP and Horlicks. 
 
Figure 5.24: Experimental set-up to quantify the effect of the powder distributor in facilitating the 
dispersion and dissolution processes in the large double-jacketed vessel. 
Table 5.13: Mass flow rate of the powders used in this experimental set-up and the ratio of dEK/dES 
computed from the flow rates.  
Powder d50 (µm) dO (mm) dm/dt (g s-1) dEk/dEs 
DE2 161 10 2.78 ± 0.4 2.50 
WMP 315 15 2.10 ± 0.3 1.26 
Horlicks 158 10 1.90 ± 0.2 1.71 
Drinking chocolate 290 10 3.20 ± 0.4 2.88 
Table 5.13 summarises the mass flow rate of the powders used in this experimental set-up. 
All four powders were added to the system at high flow rate. Figure 5.25 shows the strong 
improvement in DE2 dissolution obtained using the simple powder distributor. There was 
a rapid dissolution of nearly 100 % in the first 20 seconds with the assistance of the 
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distributor, as can be seen in Figure 5.25 a. In comparison, without the distributor, DE2 
experienced much slower dissolution where the normalised conductivity was only 0.50 
over the first minute and over the next 9 minutes the reading only increased up to 0.63, due 
to the formation of viscous gel-like layers in the liquid/powder region which impeded the 
penetration of liquid into the bulk. Likewise, for WMP and Horlicks, Figure 5.25 b and 
Figure 5.25 c show the normalised conductivities to be > 50% higher with the distributor 
at the end of the experiments. Eq. 5.4 has also been fitted to the data in Figure 5.25. The 
kinetic fitting parameters show that h increases significantly when using the simple powder 
distributor. For instance, h increases from 0.0256 to 0.0737 s-1 for DE2 with the assistance 
of the distributor.  
The inset images in Figure 5.25 show that no powder accumulates at the interface due to 
the distributor, because the powder grains are convected towards the centre by the inward 
radial liquid flow at the interface. 
Instead of pouring the powder into the centre of the vessel, the distributor allows the powder 
to disperse more evenly over the entire liquid surface, without contacting and adhering to 
the walls of the vessel. This increases the contact time of powder with the liquid and 
provides sufficient time for the powder to sediment and become wetted with respect to time 
when more powder is added to the system. This allows liquid invasion within the pores of 
the powder, leading to progressive diffusion of water molecules into the powder particles, 
allowing dispersion to occur before partially-hydrated viscous layers can form around the 
added powder.  
However, in the case of Drinking Chocolate, dispersion, as measured by the conductivity 
increase with time, is apparently less affected by the distributor, as shown in Figure 5.25 d. 
This is possibly due to the mass flow rate of Drinking Chocolate being too high, in which 
case the powder grains float and accumulate quickly over the liquid interface even in the 
system with the distributor. In fact, as shown in Table 5.2, the Drinking Chocolate particle 
contact angle was similar to WMP, and its grain size and density were not unusually low, 
especially when compared to DE2, WMP and Horlicks. 
 
 
  
 
Figure 5.25: Comparison of the dissolution kinetics of different types of food powder with and without the distributor in the large double-jacketed vessels at 
500 rpm and 22 ℃. (a) DE2, (b) WMP, (c) Horlicks, and (d) Drinking Chocolate.  
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 Conclusions 
This study has highlighted the effects of various factors on food powder dispersion and 
dissolution, including mass flow rate, grain size, molecular weight, aw and liquid 
temperature. Table 5.14 summarises the experimental results found in this study and 
provides the optimal physical properties and parameters needed for these powders in order 
to achieve better dissolution kinetics. 
Table 5.14: Experimental results summary. 
Powder DE21 DE2 SMP WMP 
Mass flow rate of powder grains 
at flat liquid interface  
(0-100 rpm) 
No effect Slow No effect No effect 
Mass flow rate of powder grains 
at dynamic condition – vortex 
formation (500 rpm) 
No effect Fast Fast Fast 
Grain size  
(µm) 189 167 N/A N/A 
Liquid temperature(℃) 70 22 N/A N/A 
Novel distributor No  Yes Yes Yes 
The compositions of powders were found to be the major cause of poor rehydration 
performance: 
(a) The shorter-chained powders (e.g. DE21) present a low contact angle and tend to 
sink instantly and sediment to the bottom of the vessel. There was no significant 
difference in the overall dissolution times when the mass flow rate of the powder 
was varied under dynamic condition. 
(b) Longer molecular chains MD contribute to a rapid increase of viscosity, leading to 
pore collapse, preventing water from wicking into the inter-particle voids of the 
floating powder layer. Lower powder flow rate leads to better dissolution rate in the 
static condition.  
(c) The hydrophobic nature of fat and relatively low apparent density of WMP and 
SMP contribute to their tendency to float. Increasing the mass flow rate of powder 
added to the interface improved the wettability and dispersion process of milk 
powders.  
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In general, an increase in temperature and agitation speed improved the rehydration 
performance, but depending on the other physical properties, the way in which these 
variables influence the rehydration process changes. Higher liquid temperatures improved 
the dissolution of lower molecular weight carbohydrates (DE21) but worsened the 
wettability of carbohydrates with higher molecular weight (DE2). This finding is possibly 
a consequence of the liquid temperature (70 ℃ ) being close to the glass transition 
temperature of DE21 (Tg = 75 ℃, aw = 0.22) but significantly lower than that of  DE2 (Tg 
= 93 ℃, aw = 0.22) which in the latter case is not high enough to promote fast dispersion 
before the formation of viscous gel layers around the dry particles. Mixing helped to reduce 
sedimentation of short-chained spray-dried powder (DE21). Depending on the composition 
of food powders and agitation speed, adding the powders slowly into the stirred vessel does 
not always improved the rehydration performance (refer to Table 5.14). 
In a vessel agitated by a stirrer, such as the one used in this study, the liquid is convected 
upwards at the vessel walls and downwards at the centre. This results in a radial inwards 
flow at the surface of the liquid. Therefore, powder grains introduced at the centre of the 
vessel which float rapidly accumulate and create an island. To avoid powder grains 
accumulating on the liquid surface at the point of impact, a novel powder distributor was 
developed, as described in Figure 5.24 and Table 5.12. This distributor is located below the 
interface and distributes the powder grains toward the vessel walls.  
Lastly, it is hoped that the work described in this chapter provides further understanding of 
the processes involved during the reformulation (rehydration) of food products.  
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Conclusions and future work 
 Key results 
The approaches taken in this thesis contribute to the development of experimental and 
theoretical insights for an effective dispersion of powders in liquids, particularly for 
avoiding lump formation. A summary of the research undertaken is given in Figure 6.1, 
with the key aspects being highlighted below.  
 State of the art on powder wetting, dispersion and dissolution 
A literature review of the dispersion of insoluble and soluble powders has been given in 
Chapter 2. This identified the physical and chemical mechanisms involved in wetting and 
dispersion of insoluble powders that are essential in determining the critical conditions for 
the formation of powder lumps, as well as understanding the requirements of soluble (food) 
powders with particular rehydration properties, subsequently studied experimentally in 
Chapters 3 and 5. Important considerations include the surface chemistry and fluid 
mechanical aspects related to the floating and sinking of single or multiple powder grains 
at liquid surfaces. In particular, the importance of grain size, surface hydrophobicity, 
molecular weight, water content, agitation intensity and temperature on the rehydration 
process of polysaccharide food powders was identified. 
 Insoluble powders poured onto a static liquid surface: dispersion or lump 
formation? 
In Chapter 3, the addition of insoluble grains to static aqueous surfaces was investigated 
experimentally. Three model powders were used: glass, yttrium-stabilised zirconia (ZY-S) 
and polymethyl methacrylate (PMMA) powders, which were added to the surface of 
water/ethanol mixtures at a controlled flow rate. 
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When the contact angle of the liquid on the powder grains, θ ≤ &'∗, the surface is only able 
to support a granular raft (single layer of grains), whereas when θ > &'∗, granular stacks are 
formed which grow until either the lower grains are displaced into the liquid as a result of 
wicking, or the complete stack detaches from the surface and sinks as a dry powder lump. 
The grain size, density, contact angle and liquid surface tension were systematically varied 
in order to determine the effect of these parameters on raft and stack stability. The Bond 
number (Bo) has been shown to be important in this regard. 
The scaling dependence between Bo and the maximum number of grains sustainable when 
wicking or stack detachment occur, NW or N*, respectively, are found to be different. For a 
given Bo, wicking occurs when )* < )∗ . For glass and ZY-S grains, )*	 scales 
approximately with Bo-2.0, and Bo-3.0 for PMMA grains.  For stack detachment, however, )∗ scales with Bo-1.82. It also has been found that N* and the corresponding maximum depth, 
h*, above which the stack becomes unstable and sinks, both increase with decreasing grain 
size.  
More favorable conditions for dispersion are achieved for larger grains and to a lesser 
extent for lower surface tension. Generally, lump formation is shown to be favoured for 
smaller and more hydrophobic grains for which the impact of grain size, density and contact 
angle have also been quantified. 
The final aspect of this part of the study considered the role of the kinetic energy of the 
grains impacting the liquid surface. Dry granular jets are formed when the contact angle 
and the kinetic energy of grains are sufficiently high, such that dEK/dES > 1.25, where EK 
and ES are the respective kinetic and surface energies of the grains.  
Overall, the results of this chapter have identified conditions to be avoided in applications 
requiring the efficient dispersion of grains of use in understanding the rehydration of food 
powders studied in Chapter 5. 
 Does introducing flow in the liquid necessarily improve the dispersion of 
insoluble grains?  
In Chapter 4, a purpose-built 2-D flow cell was used to study the effect of liquid agitation 
on stack formation and on the stability of pre-existing stacks. When the contact angle 
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exceeds 90	°, the agitation promotes the dispersion of stacks formed with high density 
(glass) grains. Conversely, for low density grains (PMMA), stack detachment as lumps 
occurs. On the other hand, when the contact angle is lower than 90	°, no stacks are formed 
with the powders tested, irrespectively of density and grains disperse individually.  
Preliminary Particle Image Velocimetry (PIV) analysis has been used to explain 
qualitatively how the velocity fields created by different impeller rotating directions affects 
the stability of stacks. The velocity field generated in the centre-up rotation is more likely 
to stretch horizontally and break the stack into several parts, whereas centre-down rotation 
can drag the whole stack into the liquid. During the centre-up rotation, when the stacks split 
into several parts, the liquid flow promotes wicking into the stack pores, promoting grain 
dispersion. Higher resolution PIV should be used to characterise quantitatively these 
phenomena. 
 Rehydration of food powders 
In Chapter 5, the rehydration performance of food powders is characterised using visual, 
conductivity and refractive index methods, with and without agitation. Carbohydrates and 
milk powders were used as model systems.  
The complex interplay of wettability, powder moisture content, biopolymer molecular 
weight, grain size, agitation speed, mass flow rate and water temperature on the dissolution 
process has been studied. The composition of the powders was found to be the major cause 
of poor rehydration behaviour through its influence on wettability (contact angle). The 
problems observed can be classified as sedimentation, floating or clumping. For instance, 
shorter-chained maltodextrin powders tend to sediment at the bottom of the vessel, while 
higher molecular weight maltodextrin powders develop a viscous gel-like layer around the 
liquid/powder region, restricting hydration. Finally, high fat powders with low apparent 
density tend to float on the water surface. 
In general, an increase in temperature and agitation speed improves the rehydration, but 
this is also influenced by other factors. Thus, whereas higher liquid temperature improved 
the dissolution of low molecular weight carbohydrates, it worsened the wettability of food 
powders containing high molecular weight carbohydrates. Powder addition rate to the 
  Chapter 6 
Page | 145  
stirred liquid was also shown to have different effects on the dissolution kinetics depending 
on the agitation speed.  
The understanding provided in this chapter should be helpful in optimising rehydration 
during the formulation and design of food products or the design of rehydration processes. 
In particular, a simple way to improve food powder rehydration by optimising the 
distribution of the powder on the liquid surface was devised. This novel and simple 
distributor has been used successfully for a wide range of low wettability food powders.
  
 
 
Figure 6.1: Research summary.
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 Suggestions for future work 
As discussed in Chapter 3 (section 3.3.4), apart from the maximum stack depth, the present 
study has not considered the detailed shapes of granular stacks produced. Qualitatively, the 
shapes of stacks formed varies with different density grains, and this could be further 
studied in a quantitative manner. For example, instead of using a single camera positioned 
in front of the glass cell, the growth and evolution of stacks could be monitored by using 
three synchronised cameras, positioned on the top, bottom and front of the glass cell. This 
will provide a set of experimental results allowing the evolution of the stack to be monitored, 
allowing the relationship between the volume of the stack and the contact angle, for 
example, to be studied. 
As mentioned in Chapter 4, liquid flow can lead to perturbation of the stacks, which 
compromises the equilibrium leading to stack detachment from the interface as a lump. Due 
to the limitation of the camera resolution used in this study, only a preliminary PIV analysis 
using large pellets to identify the difference in velocity field in both centre-down and 
centre-up rotation was possible. The methodology for the PIV analysis would therefore 
need to be improved by: 
1. Using a high speed camera with higher resolution and higher fps, enabling the size 
of the tracer grains to be reduced.  
2. Increasing the number of tracer grains in each interrogation area (N > 10). 
3. Applying a Fast Fourier Transform (FFT) correlation algorithm with multiple 
passes to solve the discrete cross-correlation function. 
In this case, it should be possible to obtain accurate velocity gradients as well as the shear 
rate.  
In Chapter 5, it was noted that a higher liquid temperature worsened the dissolution for 
high molecular weight carbohydrates with a range of controlled aw and an explanation 
based on the formation of a viscous gel-like layer which prevented efficient dissolution was 
proposed. In order to test this, additional techniques, such as force-displacement tests, could 
enable the measurement of the strength of gel layers on particle surfaces. Force versus 
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displacement can be measured using a mechanical tester (e.g.texture analyser) and the peak 
force required to pierce the gel layer is known as the index of gel strength. This technique 
needs to conduct at different water temperatures, in order to further evaluate the 
contribution of this mechanism. Lastly, the combination of qualitative rate-limiting regime 
mapping approach during dissolution with the effects of grain size, moisture content, 
molecular weight, agitation speed, mass flow rate and water temperature measurements for 
the studies of different types of food powders will provide a general picture of how the food 
powder behaves under different conditions. 
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Appendix A (addressed resources on Chapter 3) 
Table A.1 List of the powders used in this study, the volume of particles in the size distribution and the 
determined span. 
Powder d10 (mm) d50 (mm) d90 (mm) Span, s 
PMMA 0.806 0.907 1.004 0.22 
PMMA 0.384 0.497 0.586 0.41 
Glass 1.037 1.158 1.279 0.21 
Glass 0.526 0.606 0.654 0.21 
Glass 0.236 0.266 0.302 0.25 
Glass 0.057 0.082 0.106 0.60 
ZY-S 1.036 1.152 1.269 0.20 
ZY-S 0.629 0.738 0.941 0.42 
ZY-S 0.269 0.305 0.375 0.35 
 
Table A.2: Physical properties of glycerol-ethanol-water mixtures used in this study 
Mass fraction of 
glycerol-ethanol, 
Mf 
Density of 
liquid, !"  
(kg m-3)  
Average 
value of 
viscosity, # 
(mPa s) 
0.44, 0.12 999.9 6.94 ± 1.6 
0.72, 0.04 989.5 18.3 ± 3.8 
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Figure A.1: The average mass flow rate of d50 = 0.907 mm PMMA for different funnel orifice diameters, 
dO (indicated on the plot). The funnels were located 30 mm above the undisturbed liquid surface. 
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Appendix B (addressed resources on Chapter 5) 
 
Figure B.2: Raw data for DE21 dissolution kinetics in the large double-jacketed vessels at 500 rpm, 
22 ℃.: (Top) Different colours represent different powder mass flow rates. (Bottom) The comparison 
of normalised dissolution index between the conductivity (orange colour) and the refractive index 
(black colour) reading.  
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Figure B.3: The change of normalised dissolution index from both conductivity and the refractive index 
readings as a function of mixing time for the dissolution behaviour of DE2, WMP and SMP in the large 
double-jacketed vessels at 500 rpm, 22 ℃.  
 
   
Page | 171  
Table B.1: List of the mesh sizes used in this study. The volume of particles in the size distribution and 
the determined span for DE21 and DE2. 
Powder Mesh size 
(µm) d10 (µm) d50 (µm) d90 (µm) Span, s 
Raw DE21 - 71 179 319 1.39 
DE21 250-425 227 277 371 0.52 
DE21 150-250 134 189 246 0.59 
DE21 75-150 58 129 166 0.84 
      
Raw DE2 - 72 161 284 1.32 
DE2 212-425 233 303 417 0.61 
DE2 75-212 84 143 208 0.87 
DE2 25-75 29 69 106 1.12 
 
 
 
 
 
 
